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5) INTRODUCTION:

Breast carcinoma invasion is a complex process that involves directed migration and
localized proteolysis (1). Although the mechanistic basis of invasion had been elusive, recent
advances in molecular cell biology have facilitated a much more rigorous analysis of this
important and critical component of cancer progression. In particular, insight into the function
and regulation of cell adhesion receptors, as well as proteases, has fueled significant progress in
our understanding of the invasive process.  Studies aimed at defining specific signal
transduction pathways that determine the behavior of invasive carcinoma cells are also
contributing to an uncovering of the molecular basis of invasion. Recent work by our group and
others has implicated a key role for the o684 integrin in breast carcinoma invasion (2-7). This
dynamic function of a6p4 in enhancing the migration of invasive carcinoma cells is quite distinct
from its role in maintaining stable adhesive contacts in normal breast epithelia by associating
with intermediate filaments. In fact, we have established that the ability of oi6B4 to stimulate
breast carcinoma migration and invasion depends upon its preferential activation of a PI3-K/Rac
signaling pathway that is necessary for invasion (6). In essence, our studies have defined an
integrin-mediated mechanism of breast carcinoma invasion that involves the stimulation of
carcinoma migration by the dynamic association of o684 with F-actin and the activation of a
specific signaling pathway by this integrin.

Studies carried out during Year 3 of this grant have extended our analysis of the
contribution of the a6B4 integrin to breast carcinoma progression significantly. The major
findings are that a6P4 is a potent activator of a signaling pathway that maintains the survival of
metastatic breast carcinoma cells and that 0634 also regulates the activity of RhoA GTPase that
is necessary for the migration of invasive carcinoma cells.

6) BODY

The o684 integrin promotes the survival of pS3-deficient breast carcinoma cells: Although
the interaction of matrix proteins with integrins is known to initiate signaling pathways that are
essential for cell survival, a role for tumor suppressors in the regulation of these pathways has
not been established. We demonstrate here that p53 can inhibit the survival function of integrins
by inducing the caspase-dependent cleavage and inactivation of the serine/threonine kinase
AKT/PKB. Specifically, we show that the a6p4 integrin promotes the survival of p53-deficient
breast carcinoma cells by activating AKT/PKB. In contrast, this integrin does not activate
AKT/PKB in carcinoma cells that express wild-type p53 and it actually stimulates their
apoptosis, in agreement with our previous findings (Bachelder et al. 1999. JBC 274:20733-
20737). Interestingly, we observed reduced levels of AKT/PKB protein following antibody
clustering of a6B4 in carcinoma cells that express wild-type p53. In contrast, a6p4 clustering did
not reduce the level of AKT/PKB in carcinoma cells that lack functional p53. The involvement
of caspase 3 in AKT/PKB regulation was indicated by the ability of Z-DEVD-FMK, a caspase 3
inhibitor, to block the a6p4-associated reduction in AKT/PKB levels in vivo, and by the ability of
recombinant caspase 3 to promote the cleavage of AKT/PKB in vitro. In addition, the ability of
a6p4 to activate AKT/PKB can be restored in p53-wild-type carcinoma cells by inhibiting
caspase 3 activity. These studies demonstrate that the p53 status of an a6B4-expressing breast
carcinoma cell influences its growth and survival potential. NOTE: The data to support these
conclusions can be found in the Bachelder et al. preprint provided in the Appendix. These
research accomplishments are associated with Technical Objectives 2 and 4 of the original
proposal.

RhoA function in lamellae formation and migration of carcinoma cells is regulated by the
a6p4 integrin and cAMP metabolism: The integrin o634 promotes the formation of actin-rich
protrusions and stimulates the migration of breast carcinoma cells. In this study, we examined
the involvement of RhoA in these events and the regulation of RhoA activation by integrin
signaling. Clone A carcinoma cells develop fan-shaped lamellae and exhibit random migration
when plated on laminin, processes that depend on o6B4. Here, we report that expression of a
dominant negative RhoA (N19RhoA) in clone A cells inhibited 0.6B4-dependent membrane




ruffling and the formation of lamellac by 80%. Inhibition of RhoA also blocked the migration of
clone A cells but had minimal effects on spreading. Using the Rhotekin binding assay to assess
RhoA activation, we observed that engagement of 0c6B4 by either laminin or antibody-mediated
clustering resulted in a 3-4 fold greater increase in RhoA activation than engagement of Bl
integrins. The a6P4-mediated interaction of clone A cells with laminin promoted the
translocation of RhoA from the cytosol to membrane ruffles at the edges of lamellae and
promoted its colocalization with B1 integrins, as assessed by immunofluorescence microscopy.
In addition, RhoA translocation was blocked by inhibiting phosphodiesterase activity and
enhanced by inhibiting the activity of cAMP-dependent protein kinase A. Together, these results
establish a specific integrin-mediated pathway of RhoA activation that is regulated by cAMP and
that functions in lamellae formation and migration. NOTE: The data to support these
conclusions can be found in the O’Connor et al. manuscript provided in the Appendix.
These research accomplishments are associated with Technical Objectives 2 and 4 of the
original proposal.

7) KEY RESEARCH ACCOMPLISHMENTS:
The o634 integrin is associated with breast carcinoma progression

e The 064 integrin activates the phopshoinositide 3-OH kinase/AKT survival pathway in
p53-deficient breast carcinoma cells.

e In p53-wild-type carcinoma cells, a caspase-3 mediated cleavage of AKT kinase occurs that
inhibits the o.6P4-mediated survival pathway.

e The RhoA GTPase is essential for the migration and invasion of carcinoma cells.

e The 0i6P4 integrin regulates the activation of RhoA and its translocation from the cytosol to
membrane ruffles at the leading edge of migrating carcinoma cells.

e cAMP inhibits the migration and invasion of breast carcinoma cells.

e The 064 integrin activates a phosphodiesterase that degrades cAMP and facilitates
migration and invasion.

8) REPORTABLE OUTCOMES:

Manuscripts:

O’Connor KL, Shaw LM and AM Mercurio. 1998. Release of cAMP gating by the a6p4
integrin stimulates lamellae formation and the chemotactic migration of invasive carcinoma
cells. J. Cell Biology, 143:1749-1760.

Bachelder, R., Ribick, M., Marchetti, A., Falcioni, R., Soddu, S., Davis, K. and AM Mercurio.
1999. p53 inhibits a6B4 integrin survival signaling by promoting the caspase-3 dependent
cleavage of AKT/PKB. J. Cell Biology, In Press.

O’Connor, KL, Nguyen, B-K. and AM Mercurio. 1999. RhoA function in lamellae formation
and migration is regulated by the o634 integrin and cAMP metabolism. J. Cell Biology,
Submitted.

Major Presentations: (All presentations were focused on the contribution of the o634 integrin
to breast cancer progression)

¢ Seventh International Congress of the Metastasis Research Society, San Diego, CA (10/98)

e ‘Distinguished Visiting Scientist’, Department of Physiology and Cell Biology, Albany
Medical College (11/98)

o Istituto Regina Elena (Queen Elena Cancer Institute), Rome, Italy (2/99)

e Cancer Research Campaign Beatson International Cancer Conference: Invasion and
Metastasis Glasgow, Scotland (6/99)

e AACR Special Conference “Molecular Aspects of Metastasis” Snowmass, CO (9/99)

¢ Ninth International Symposium on Basement Membranes Nice, France (11/99)




9) CONCLUSIONS:

The research accomplished during Year 3 of this grant strengthen the evidence that the
064 integrin contributes to the progression of human breast cancer. Our finding that this
integrin promotes the survival of p53-deficient breast carcinoma cells is of particular importance
because many advanced and aggressive breast tumors are p53-deficient and they express the
o6P4 integrin. The next phase of this analysis will be to extend these findings to mouse models
of breast cancer progression as outlined in the original application.

In addition to our findings on the survival of breast carcinoma cells, we also implicated
the Rho GTPase in the migration and invasion of these cells. The significance of this finding is
that it increases our understanding of the signaling pathways that are involved in breast cancer
invasion. Indeed, it is assumed by many cancer scientists and oncologists that such signaling
pathways will be the target of the next generation of chemotherapeutic agents.
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Abstract:

The integrin o634 promotes the formation of actin-rich protrusions and stimulates the rﬁigration of
carcinoma cells (Shaw et al., Cell 91:949-960; Rabinovitz and Mercurio, J. Cell. Biol. 139:1873-
1884; O’Connor et al., J. Cell. Biol.143:1749-1760). In this study, we examined the involvement
of RhoA in these events and the regulation of RhoA activation by integrin signaling. Clone A colon
carcinoma cells develop fan-shaped lamellae and exhibit random migration when plated on laminin,
processes that depend on 06B4. Here, we report that expression of a dominant negative RhoA
(N19RhoA) in clone A cells inhibited a6B4-dependent membrane ruffling and the formation of
lamellae by 80%. Inhibition of RhoA also blocked the migration of clone A cells but had minimal
effects on spreading. Using the Rhotekin binding assay to assess RhoA activation, we observed
that engagement of o6p4 by either laminin or antibody-mediated clustering resulted in a 3-4 fold
greater increase in RhoA activation than engagement of f1 integrins. The o6B4-mediated
interaction of clone A cells with laminin promoted the translocation of RhoA from the cytosol to
membrane ruffles at the edges of lamellae and promoted its colocalization with B1 integrins, as
assessed by immunofluorescence microscopy. In addition, RhoA translocation was blocked by
inhibiting phosphodiesterase activity and enhanced by inhibiting the activity of cAMP-dependent
protein kinase A. Together, these results establish a specific integrin-mediated pathway of RhoA

activation that is regulated by cAMP and that functions in lamellae formation and migration.




The organization and remodeling of the actin cytoskeleton are controlled by the Rho family
of small GTPases, which includes Rho, Rac and cdc42. These proteins have been implicated in the
formation of stress fibers, lamellae and filopodia, respectively (reviewed in ref. 8). Although much
of our knowledge on their function has been obtained from studies with fibroblasts, other activities
for these Rho GTPases have been observed recently in cells of epithelial origin. For example, Rac
and cdc4?2 are required to maintain apical-basal polarity in epithelia (10). Rho, interestingly, has
been implicated in membrane ruffling in epithelial cells (6, 15), a process attributed to Rac in
fibroblasts (8). These findings are of particular interest with respect to our understanding of
epithelial cell migration. The migration and invasion of epithelial-derived carcinoma cells are
important phenomena that require the involvement of Rho GTPases (9, 11, 22, 23). For these
reasons, it is essential to define the factors that regulate the function of Rho GTPases in carcinoma
cells and to characterize the mechanisms by which they contribute to the dynamics of migration.
For example, although cell adhesion has been reported to activate RhoA (1, 20), little is known
about the involvement of specific integrins in adhesion-dependent RhoA activation or in the
regulation of RhoA-dependent functions.

Recent studies by our group have highlighted a pivotal role for the integrin o634 in the
migration and invasion of carcinoma cells, as well as in epithelial wound healing (14, 17-19, 22).
Although it is well-established that o6B4 functions in the formation and stabilization of
hemidesmosomes (3, 7), our findings revealed a novel role for this integrin in the formation of
actin-rich cell protrusions at the leading edges of carcinoma cells and in the migration of these cells
(18, 19). Moreover, we demonstrated the importance of cAMP metabolism in these events (17).
Given the recent interest in the participation of RhoA in migration, we examined the hypothesis that
RhoA is essential for the formation of actin-rich cell protrusions and the migration of carcinoma
cells and that the activity of RhoA is regulated by the o634 integrin. In addition, we assessed the

involvement of cAMP metabolism in these events.




Materials and Methods:
Cells and antibodies: Clone A cells, originally isolated from a poorly differentiated colon
adenocarcinoma (4), were used in all experiments. For each experiment, adherent cells were
harvested by trypsinization, rinsed three times with RPMI medium containing 250pug/ml heat-
inactivated BSA (RPMI/BSA), and resuspended in RPMI/BSA. Where indicated, cells were treated
with 1mM isobutylmethylxanthine (IBMX) or 15uM H-89 (Calibiochem-Novabiochem, Int.) for
15 min prior to plating or use in migration assays. The following antibodies were used in this
study: MC13 (mouse anti-B1 integrin mAb, obtained from Steve Akiyama, National Institutes of
Health, Research Triangle Park, NC), K20 (mouse anti-p1 integrin mAb, Immunotech) 439-9B (rat
anti-B4 integrin mAb, obtained from Rita Falcioni, Regina Elena Cancer Institute, Rome, Italy),
mouse anti-HA mAb (Roche Biochemicals) and rabbit anti-RhoA pAb (Santa Cruz Biotechnology).
To obtain expression of N19RhoA, adherent cells were harvested using trypsin, rinsed with
PBS and suspended in electroporation buffer (20mM HEPES, pH 7.05, 137mM NaCl, 5SmM KCl,
0.7mM Na,HPO4-7H,0, 5SmM glucose). Cells were co-transfected with 1ug of either pCS2-(n)B-
gal or pGFP and 4pg of either control vector or vector containing HA-tagged N19RhoA (obtained
from Alex Toker, Beth Israel Deaconess Medical Center, Boston, MA) by electroporation at 250V
and 500uFd. Subsequently, cells were plated in complete growth medium containing 0.05% sodium
butyrate and used for experiments 48hrs after the initial transfection. Expression of N19RhoA was
confirmed by immunoprecipitating extracts of transfected cells with an HA-specific mAb and
subsequent immunoblotting for RhoA.
Microscopic Analyses: Glass coverslips were coated overnight at 4°C with collagen I (50pg/ml;
Collagen Corp.) or laminin-1 purified from EHS tumor (20pg/ml; provided by Hinda Kleinman,
NIDR, Bethesda, MD) and then blocked with BSA (0.25% in RPMI). Cells were plated on these
coverslips for 30-40 min, rinsed with PBS and fixed for 20 min with 4% paraformaldehyde
containing 10mM PIPES, pH 6.8, 2mM EGTA, 2mM MgCl,, 7% sucrose and 100mM KCI. Cells
were then permeabilized by treating with 0.05% Triton X-100 for 15 sec, rinsed twice with PBS,

and then incubated with blocking solution (3% BSA /1% normal donkey serum in PBS) for 30




min. For immunofluorescence, cells were incubated with 1ug/ml of K20 (anti-B1) and anti-RhoA
Ab for 30 min, rinsed 4 times with PBS, and then incubated for 30 min with a 1:400 dilution of
anti-mouse IgG Cy2- and anti-rabbit IgG Cy3-conjugated secondary Abs (Jackson
ImmunoResearch Laboratories, Inc.). Images of cells were captured digitally, analyzed and lamellar
area quantified as described previously (17, 18).

Migration Assays: The lower compartments of Transwell chambers (6.5mm diameter, 8um pore
size; Costar) were coated for 30 min with 15pg/ml laminin-1 diluted in RPMI medium.
RPMI/BSA was added to the lower chamber and cells ( 1x105) suspended in RPMI/BSA were
added to the upper chamber. After incubating for 5 h at 37°C, cells were removed from the upper
chamber with a cotton swab and cells that had migrated to the lower surface of the membrane were
fixed, stained with crystal violet or for B-galactosidase (B-gal) and quantified as described
previously (22).

RhoA Activity: RhoA activity was assessed using the Rho binding domain of Rhotekin as
described (20). Briefly, cells (3X106) were plated onto 60mm dishes coated with LN-1 (20pug/ml)
or collagen I (50pg/ml) for 30 min. and extracted with RIPA buffer (S0mM Tris, pH 7.2, 500mM
NaCl, 1% Triton X-100, 0.5% sodium deoxycholate, 1% SDS, 10mM MgCl,, 0.5ug/ml leupeptin,
0.7ug/ml pepstatin, 4ug/ml aprotinin, and 2mM PMSF). Altematively, cells were incubated with
8ug of anti-B1 mAb mc13 or anti-B4 rat mAb 439-9B for 30 min, rinsed, plated on 60mm dishes
coated with 50ug of either anti-mouse or anti-rat IgG, respectively, for 30 min and then extracted.
After centrifugation at 14,000 x g for 3 min, the extracts were incubated for 45 min at 4°C with
glutathione beads (Pharmacia Biotech) coupled with bacterially expressed GST-RBD fusion
protein (provided by Martin Schwartz, Scripps Research Institute, La Jolla, CA) and then washed
three times with Tris buffer, pH 7.2 containing 1% Triton X-100, 150mM NaCl and 10mM MgCl,.
The RhoA content in these samples was determined by immunoblotting samples using rabbit anti-

RhoA Ab.




Results:

Clone A colon carcinoma cells develop fan-shaped lamellae and exhibit random migration
when plated on laminin-1, processes that are dependent on both the o634 and B1 integrins. In
contrast, the 1 integrin-mediated adhesion and spreading of these cells on collagen I does not
induce significant lamellae formation or migration (18, 22). To examine the hypothesis that RhoA
functions in o6P4-dependent lamellae formation, clone A cells were co-transfected with a GFP
construct and either a dominant negative RhoA (N19RhoA) or a control vector. Subsequently, the
cells were plated onto laminin-1 and examined by phase-contrast microscopy. Clone A cells that
expressed the control vector developed large lamellae with ruffled edges (Fig. 1A). In contrast, cells
that expressed N19RhoA did not form membrane ruffles nor did they extend large, fan-shaped
lamellae. The lamellae that did form in these cells were small and fragmented (Fig. 1B).
Quantitative analysis of these images revealed that expression of N19RhoA reduced lamellar area
by 80% in comparison to cells that expressed the control vector (Fig. 1C). In addition, expression
of N19RhoA inhibited migration on laminin-1 by 70% (Fig. 2A). Importantly, expression of
N19RhoA had only a modest effect on cell spreading because cells expressing N19RhoA plated on
collagen-I spread to approximately 80% of the surface area occupied by control cells (Fig. 1D).
Transient expression of N19RhoA in clone A cells was confirmed by immunoblotting (Fig. 1E).

Our observation that RhoA functions in lamellae formation and the migration of clone A
cells, in conjunction with our previous finding that these events require the engagement of the a6p4
integrin (18), indicated that 064 may mediate the activation of RhoA. To assess RhoA activation,
we used the Rho-binding domain of Rhotekin (RBD) to capture GTP-bound RhoA from cell
extracts (20). As shown in Fig. 3, the interaction of clone A cells with laminin-1, which requires
064, resulted in a significant amount of RhoA retained by RBD in comparison to the interaction
of these cells with collagen I, which does not involve 0t6P4 directly. These experiments were
performed at this time point because optimal membrane ruffling was noted with cells that had
interacted with laminin for 30 min. Quantitative analysis of the results obtained in four independent

experiments revealed a three-fold greater increase in RhoA activation in cells plated on laminin-1




than cells plated on collagen (Fig. 3B). To establish the ability of o634 to activate RhoA more
definitively, we used integrin-specific mAbs to cluster both 0634 and B1 integrins. As shown in
Figs. 3C and D, clustering of a6p4 resulted in an approximate four-fold higher level of RhoA
activity in comparison to clustering of Bl integrins even though clone A cells express similar
surface levels of both integrins (data not shown). In fact, clustering of Bl integrins actually
decreased RhoA activation in comparison to cells maintained in suspension (Fig. 3).

The involvement of cAMP metabolism in migration, lamellae formation and o634-mediated
RhoA activation was investigated using both IBMX, a phosphodiesterase (PDE) inhibitor, and H-
89, a cAMP-dependent protein kinase (PKA) inhibitor. IBMX treatment, which prevents cAMP
breakdown, inhibited the migration of clone A cells on laminin-1 almost completely (Fig. 2B). In
contrast, inhibition of PKA with H-89 increased the rate of migration by four-fold (Fig. 2B).
Together, these data indicate that cCAMP is a potent inhibitor of carcinoma migration, in agreement
with our previous findings (17). To establish the involvement of cAMP metabolism in the o634-
mediated activation of RhoA, we used IBMX in the RBD assay. As shown in Fig. 3A, pretreatment
of clone A cells with IBMX prior to plating on laminin-1 reduced the level of RhoA activation to
that observed in cells plated on collagen. Importantly, IBMX did not inhibit adhesion or spreading
(Fig. 4C, E). Similar results were obtained with integrin clustering (data not shown). These
observations implicate cAMP metabolism in the al634-mediated activation of RhoA.

The data reported above raise the possibility that o6B4 influences RhoA localization
because activation of RhoA is thought to involve its translocation to the membrane (2). To address
this issue, clone A cells plated on either laminin-1 or collagen I were immunostained with a RhoA-
specific Ab, as well as a B1-integrin specific Ab to mark membranes. In cells plated on collagen I,
RhoA immunostaining was confined largely to the cytosol and it was distinct from the 1-integrin
staining of the plasma membrane (Fig. 4A). In contrast, the 0.634-dependent interaction of clone A
cells with laminin-1 resulted in the translocation of RhoA to membrane ruffles at the edges of
lamellae where it co-localized with B1 integrin staining (Fig. 4B). However, RhoA did not co-

localize with B1 integrins on the plasma membrane along the cell body (Fig. 4B). To assess the




influence of cAMP metabolism on RhoA localization, clone A cells were pretreated with either
IBMX or H-89 prior to plating on laminin-1. Inhibition of PDE activity with IBMX dramatically
inhibited membrane ruffling and abolished RhoA localization in the few ruffles that persisted after
IBMX treatment (Fig. 4C, E). Conversely, inhibition of cAMP-dependent PKA with H-89 resultcd
in an apparent increase in membrane ruffling and RhoA localization in membrane ruffles (Fig. 4D,

F).




Discussion:

We established recently that the al6P4 integrin stimulates the migration of carcinoma cells
and enhances the formation of actin rich protrusions, including lamellae and membrane ruffles (17-
19, 22). In this study, we advance our understanding of the mechanism by which a634 functions
in these dynamic processes by demonstrating that ligation of 0634 with either antibody or laminin-
1 results in the activation of RhoA and its translocation from the cytosol to membrane ruffles at the
leading edges of migrating carcinoma cells. Importantly, we also provide evidence that the o6p4-
mediated activation of RhoA is necessary for lamellae formation, membrane ruffling and migration,
and that these events are regulated by cAMP metabolism.

Our findings strengthen the evidence that integrins can participate in the activation of RhoA.
Much of the evidence obtained to date to support the integrin activation of RhoA had been indirect
and based largely of the observation that integrin activation leads to the Rho-dependent formation of
stress fibers and focal adhesions (20, 21). Recently, the development of a biochemical assay for
RhoA activation that is based on the ability of GTP-bound RhoA to associate with the Rho-binding
domain of the Rho effector Rhotekin has enabled a more rigorous and sensitive assessment of the
mechanism of RhoA activation (20). Using this assay, cell attachment to fibronectin was shown to
activate RhoA and the level of activation was augmented by serum or LPA. In our study, we extend
this observation by providing evidencé that a specific integrin, 064, can activate RhoA as assessed
by both Rhotekin binding and translocation to membrane ruffles. An interesting and unexpected
finding obtained in our study is that the 64 integrin is a more effective activator of RhoA than B1
integrins in clone A cells. Because we used carcinoma cells in our study, the potent activation of
RhoA we observed in response to al6p4 ligation could have resulted from a cooperation of o634
with a secreted growth factor or activated oncogene. However, if cooperative signaling between
integrins and such factors occurs in these cells, it is specific for a634 because clustering of B1
integrins did not activate RhoA.

Our findings implicate an important role for RhoA in the formation of membrane ruffies

and lamellae. Specifically, the expression of N19RhoA in clone A cells attached to laminin resulted




in the appearance of fragmented, immature lamellae and a loss of membrane ruffles. These results
are of interest in light of recent reports that Rho kinase, a downstream effector of Rho, promotes
membrane ruffling in epithelial-derived cells (6, 15) by a mechanism that involves Rho kinase-
mediated phosphorylation of adducin (6). Moreover, Rho kinase has been implicated in tumor cell
invasion (9, 23). Together, these findings, along with our previous work that established the ability
of 064 to promote carcinoma migration and invasion (17, 18, 22), suggest that a/6p4-mediated
regulation of the Rho/Rho kinase pathway is an important component of carcinoma progression. It
is also possible that the a6B4-mediated activation of RhoA contributes to migration and invasion by
activating the adhesive functions of other integrins. RhoA can activate integrin-mediated adhesion
in leukocytes (13) and is believed to participate in adhesion in other cell types (16). Our
observation that RhoA and B1 integrins colocalize in membrane ruffles in response to o634
ligation raises this possibility that RhoA influences the function of B1 integrins, which are essential
for migration and invasion. Moreover, the fragmented lamellae that we observed in response to
expression of N19RhoA could result from the inability of lamellae to stabilize their attachment to
matrix.

Our results highlight the importance of cAMP metabolism in the activation and localization
of RhoA. Our finding that cAMP inhibits RhoA activation and translocation to membrane ruffles is
consistent with our previous report that linked the ability of 064 to promote carcinoma migration
with its ability to alter cAMP metabolism (17). In addition, these results substantiate other studies
that indicated an inhibitory effect of cAMP on RhoA activity (5, 12, 13). The basis for this
inhibition appears to be the direct phosphorylation of RhoA by PKA. In this context, 0634 may
contribute to RhoA activation by increasing the activity of a cAMP-dependent PDE, and
subsequently reducing PKA activity, as we have suggested previously (17). However, the fact that
we observed RhoA activation in response to antibody-mediated clustering of a6p4 suggests this
integrin can be linked directly to RhoA activation. This direct activation of RhoA would permit

0634 to augment pathways, such as LPA signaling, that involve RhoA activation. In conclusion, the

10




results reported here establish a specific integrin-mediated pathway of RhoA activation that is

regulated by cAMP and that functions in lamellae formation and migration.
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Figure legends:

Figure 1. Dominant negative RhoA-inhibits membrane ruffling and lamellae formation in clone A
cells in response to laminin-1. Clone A cells were transfected with a green fluorescent protein
(GFP) construct and either a control vector or a vector encoding N19RhoA as described in
Materials and Methods. Cells were plated onto laminin coated coverslips for 40 minutes, fixed and
assessed by phase contrast microscopy. (A, B) Phase contrast microscopy of vector control (A) or
N19RhoA (B, 3-panels) transfected cells. Note large lamellac and membrane ruffles (arrows) in
control cells (open arrow; A) but not in cells that express N19RhoA (B). Asterisk in the lower
panel of (B) marks a non-transfected cell. Bar represents 10um. (C) Quantitative analysis of
lamellar area were obtained by digital imaging. Lamellae are defined as broad, flat cellular
protrusions rich in F-actin and devoid of membrane-bound vesicles. (D) Quantitative analysis of
total area covered by cells transfected with either vector control or N19RhoA when plated on
laminin-1 (dark gray bars) or collagen I (light gray bars). Bars represent mean area % standard
error in which n > 20 (C, D). (E) Transfected cells were extracted with RIPA buffer,

immunoprecipitated for HA tag and immunoblotted for RhoA. A representative blot is shown.

Figure 2. Effects of dominant negative RhoA (N19RhoA) and cAMP metabolism on laminin-1
stimulated migration. (A) Clone A cells that had been co-transfected with a -gal cDNA and either
N19RhoA or control vector were assayed for migration on laminin-1 as described in the Materials
and Methods. After 5 hours, cells that did not migrate were removed from the upper chamber and
the cells that had migrated to the lower surface of the membrane were stained for B-gal. Migration
was scored as the total number of cells migrated compared to the vector only control. Transfection
rates were comparable. (B) Clone A cells were left untreated or treated with ImM IBMX or 15uM
H-89 for 15 minutes and then assayed for laminin-1 mediated migration as described in (A). After
5 hours, cells that had migrated to the lower chamber were stained with crystal violet and quantified.
Migration rates were reported as the number of cells migrated per mm’. Bars (A, B) represent

mean =+ standard deviation from triplicate determinations.
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Figure 3. Engagement of the 064 integrin by either laminin-1 or antibody-mediated clustering
activates RhoA. (A, B) Clone A cells were plated on either collagen or laminin for 30 min or
pretreated with ImM IBMX for 15 min and then plated on laminin for 30 min. Cells extracts were
assayed for Rhotekin binding activity as described in the Materials and Methods. (C, D) Cells were
either left in suspension (sus) or clustered with either 1 or B4 specific antibodies for 30 min as
described in the Materials and Methods. Cells extracts were assessed for RhoA activity by RBD
binding. For these experiments, the total RhoA bound to the RBD (top panels in A, C) was
normalized to the RhoA content of cell extracts (bottom panels in A, C). (A, C) Representative
immunoblots from these experiments are shown. (B, D) Quantitative analysis of the results
obtained by densitometry is provided. Bars represent mean of four separate experiments +

standard error.

Figure 4. Laminin-1, but not collagen-I, promotes the colocalization of RhoA and B1 integrin in
membrane ruffles in a cAMP-sensitive manner. (A-D) Clone A cells were plated on either collagen
I (A) or laminin-1 (B-D) for 30 minutes, fixed and stained for both 1 integrin and RhoA using
indirect immunofluorescence as described in the Materials and Methods. To assess the impact of
cAMP signaling on recruitment of RhoA to the plasma membrane, cells were pretreated with 1mM
IBMX (C) or 15uM H-89 (D) for 15 min prior to plating cells on laminin-1. Images were captured
digitally approximately 1um from the basal surface using a BioRad confocal microscope. Red color
represents RhoA; Green, 1 integrin; Yellow, B1 and RhoA colocalization. (E, F) Phase contrast
micrographs of cells treated with IBMX (E) or H-89 (F) and plated on laminin depict the general

impact of cAMP metabolism on membrane ruffling. Bars represent 10pum.
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Abstract

Although the interaction of matrix proteins with integrins is known to initiate
signaling pathways that are essential for cell survival, a role for tumor suppressors in the
regulation of these pathways has not been established. We demonstrate here that p53 can
inhibit the survival function of integrins by inducing the caspase-dependent cleavage and
inactivation of the serine/threonine kinase AKT/PKB. Specifically, we show that the
a6B4 integrin promotes the survival of p53-deficient carcinoma cells by activating
AKT/PKB. In contrast, this integrin does not activate AKT/PKB in carcinoma cells that
express wild-type p53 and it actually stimulates their apoptosis, in agreement with our
previous findings (Bachelder et al. 1999. JBC 274:20733-20737). Interestingly, we
observed reduced levels of AKT/PKB protein following antibody clustering of o6p4 in
carcinoma cells that express wild-type p53. In contrast, a6f4 clustering did not reduce the
level of AKT/PKB in carcinoma cells that lack functional p53. The involvement of caspase
3 in AKT/PKB regulation was indicated by the ability of Z-DEVD-FMK, a caspase 3 |
inhibitor, to block the a6p4-associated reduction in AKT/PKB levels in vivo, and by the
ability of recombinant caspase 3 to promote the cleavage of AKT/PKB in vitro. In
addition, the ability of a6p4 to activate AKT/PKB can be restored in p53-wild-type
carcinoma cells by inhibiting caspase 3 activity. These studies demonstrate that the p53

tumor suppressor can inhibit integrin-associated survival signaling pathways.




Primary epithelial (28) and endothelial (47) cells are prone to anoikis, a form of
programmed cell death, when grown in the absence of growth factors and extracellular
matrix proteins. This default apoptotic pathway is thought to be important in preventing
cell growth at inappropriate anatomical sites. Survival signaling pathways associated with
both growth factor receptors and cell adhesion molecules are important in protecting cells
from anoikis. For example, growth factors such as EGF, PDGF and insulin can promote
the survival of serum-starved epithelial cells (48, 62, 64). Similarly, the binding of
integrins such as avp3 (73), o5p1 (83) and a6B1 (26, 37, 78) to the appropriate extracellular
matrix protein can inhibit anoikis. These survival signals have been attributed to the ability
of integrins to activate numerous molecules including focal adhesion kinase (FAK) (29),
integrin-linked kinase (60), AKT/PKB (41), and bcl-2 (73, 83). In addition, integrin
survival functions have been associated with their ability to inhibit the activity of p53 (38,
73) and Rb (17) tumor suppressors, respectively. Tumor cells acquire a partial resistance -
to anoikis as a result of their transformation, which is thought to activate select survival
signaling pathways in these cells constitutively (28). For this reason, the identification of
molecules that can inhibit survival signaling is crucial for developing strategies aimed at

blocking tumor cell growth.
| The a6p4 infegrin, a receptor for the laminin family of extracellular matrix proteins,
plays an important role in diverse cellular activities. In addition to serving an important
structural role in the assembly of hemidesmosomes in epithelial cells (8, 34), «6f4
promotes carcinoma cell migration and invasion (11, 56, 59, 67, 77) in a PI3-kinase
dependent manner (67). The B4 subunit of this integrin, which contains a cytoplasmic tail
of approximately 1000 amino acids (35, 39, 40), has been shown to be crucial in the ability
of this integrin to activate numerous signaling molecules, including PI-3-kinase (67), Shc
(46), Ras (46), Jnk (46), p21VAF/L (13} and p53 (4). The diverse activities of this

integrin are exemplified by its ability to promote both the survival of keratinocytes (19), as




e

well as the apoptosis of a number of carcinoma cell lines (4, 13, 42, 74). These apparently
contradictory functions likely reflect the activation of distinct signaling pathways by this
integrin in different cell types, as well as the influence of other signaling pathways on o684
function.

In the present studies, we define opposing signaling pathways that are activated by
the a6p4 integrin that promote either carcinoma cell survival or apoptosis, depending on
whether these cells express wild-type or functionally inactive mutants of p53. Specifically,
we show that o6p4 can promote the AKT/PKB-dependent survival of p53-deficient
carcinoma cells. This activity contrasts, however, with the ability of a684 to stimulate the
caspase-dependent cleavage and inactivation of AKT/PKB in p53 wild-type carcinoma
cells. The ability of wild-type p53 to inhibit a6p4-associated survival signals suggests that

the p53 status of an a6B4-expressing carcinoma cell influences its growth potential.




Materials and Methods

Cells: The RKO colon carcinoma cell line was obtained from M. Brattain (University of
Texas, San Antonio), MDA-MB-435 breast carcinoma cells were obtained from the
Lombardi Breast Cancer Depository (Georgetown University).

The cloning of the human p4 cDNA, the construction of the p4 cytoplasmic domain
deletion mutant (B4-Acyt), and their insertions into the pRc/CMV (B4) and pcDNA3 (p4-
Acyt) eukaryotic expression vectors respectively have been described (13). RKO/B4Acyt
clone 3E1, RKO/B4 clone D4 (RKO/B4 clone 1), RKO/B4 clone A7 (RKO/p4 clone 2),
MDA-MB-435/B4-Acyt clone 3C12, MDA-MB-435/B4 clone 5B3 (MDA-MB-435/p4 clone
1), and MDA-MB-435/4 clone 3A7 (MDA/B4 clone 2) were selected for analysis based on
their expression of similar surface levels of a6B4 and a6B4-Acyt, as we have previously
demonstrated (4, 13, 67).

Dominant negative p53-expressing RKO/p4-Acyt and RKO/p4 subclones were |
obtained by co-transfecting RKO/B4-Acyt clone 3E1 and RKO/B4 clone D4 with plasmids
expressing the puromycin resistance gene (50) and a dominant negative p53 (dnp53)
construct (kindly provided by M. Oren, Weizmann Institute for Science, Israel) that
encodes for a carboxy-terminal domain of p53 that can heterodimerize with endogenous
P53 and inhibit its transcriptional activity. Dnp53-expressing subclones were obtained and
those subclones expressing high levels of dnp53 were selected by FACS using the Pab122
mAb (Boehringer-Mannhein), which recognizes a conserved, denaturation stable epitope in
dnp53. In addition, RKO/p4 and RKO/B4-Acyt cells were transfected with the puromycin
resistance gene plasmid alone to obtain puromycin-resistant mock transfectants. All assays
were performed using cell maintained below passage 10.

Stable transfectants of MDA/B4 clone 3A7 that expressed temperature sensitve p53
were obtained by co-transfecting this cell line with plasmids expressing the puromycin

resistance gene (1 pg) (50) and a plasmid expressing a temperature sensitive mutant of




human p53 (tsp53-4 1g) that assumes a functional conformation at 32°C, but nét at 37°C
(82) using the Lipofectamine reagent (Gibco). After growing these transfectants in
complete medium for two days, stable transfectants were selected by culturing these cells in
puromycin-containing medium (2 pg/ml) for an additional 18 days. These bulk
transfectants were expanded and tsp53 expression was confirmed by showing increased
p53 levels in tsp53 transfectants relative to mock transfectants by immunoblotting with a
goat anti-human p53, followed by HRP-conjugated donkey anti-goat IgG. All assays were
performed on cells maintained below passage 5.

dnAKT/PKB-expressing MDA-MB-435/mock and MDA-MB-435/4 transient
transfectants were generated by cotransfecting these cell lines using the Lipofectamine
reagent (Gibco) with a plasmid encoding for green fluorescence protein (pEGFP-1,
Clonetech- 1 ug) and a dnAKT/PKB construct that contains inactivating mutations in the
catalytic domain of AKT/PKB (4 ng) (20, 24, 70).
Antibodies: The following antibodies were used: 439-9B, a rat monoclonal antibody‘
specific for the p4 integrin subunit (25), control rat IgG (Sigma); Pab122, a polyclonal
rabbit serum specific for p53 (Boehringer-Mannheim), goat anti-human p53, rabbit
polyclonal anti-AKT/PKB raised against a peptide corresponding to mouse AKT/PKB
residues 466-479 (New England Biolabs), rabbit polyclonal anti-AKT/PKB phoshoserine
473 (New England Biolabs), rabbit anti-actin (Sigma), and mouse anti-Hemagluttinin
(Boehringer Mannheim). Goat anti-mouse IgG and goat anti-rat IgG secondary antibodies,
as well as HRP-conjugates of these antibodies, were obtained from Jackson
Immunoresearch. HRP-conjugated donkey anti-goat IgG was obtained from BioSource.
Apoptosis Assays: To induce apoptosis in the RKO and MDA-MB-435 transfectants,
the cells were plated in complete medium for eight hours in tissue culture wells (12 well
plate; 2.5 x 10° cells/well) that had been coated overnight at 4°C with poly-L-lysine
(Sigma- 2 mL of 25 pug/mL stock) and blocked with 1% BSA. After 8 hours, this medium

was replaced with serum-free culture medium containing 1% BSA. After 15 hours at



37°C, adherent and suspension cells were harvested, combined, and the level of .apoptosis
in these cells was assessed as described below.

For annexin V stains, cells were washed once with serum-containing medium, once
with PBS, once with annexin V-FITC buffer (10mM Hepes/NaOH, pH 7.4, 140 mM
NaCl, 2.5 mM CaCl,), and incubated for 15 minutes at room temperature with annexin V-
FITC (Bender MedSystems) at a final concentration of 2.5 pg/mL in annexin V buffer.
After washing once with annexin V buffer, the samples were resuspended in the same
buffer and analyzed by flow cytometry. Immediately before analysis, propidium iodide
was added to a final concentration of 5 pug/mL to distinguish apoptotic from necrotic cells,
and five- thousand cells were analyzed for each sample.

For ApopTag reactions, cells were harvested as described above, fixed in 1%
paraformaldehyde for 15 minutes on ice and washed twice with PBS. The samples were
then resuspended in 1 mL ice-cold 70% ethanol and stored at -20°C overnight. After
centrifugation at 2500 rpm for 15 minutes, cells were washed two times in PBS before |
performing ApopTag reactions (Oncor) according to the manufacturer’s recommendations.
These samples were analyzed by flow cytometry.

For in situ analysis of apoptosis in cells transfected transiently with the green
fluorescence protein (GFP)-expressing vector pPEGFP-1 (Clonetech) and dnAKT/PKB, the
transfected cells were stained with annexin V-PE (Pharmingen) according to the
manufacturer’s directions, and plated on coverslips. The percentage of GFP-positive cells
that was annexin V-PE positive was determined by fluorescence microscopy. A total of at
least 80 GFP-positive cells from at least 10 microscopic fields were analyzed for each data
point.

Analysis of AKT/PKB Expression and Activity: To assess the expression of
endogenous AKT/PKB protein, cells were incubated with either rat Ig or 439-9B as
described above in the presence of either DMSO (1:500), a caspase 3 inhibitor (Z-DEVD-
FMK; Calbiochem-4 pg/mL), or a caspase 8 inhibitor (Z-IETD-FMK; Calbiochem- 4




ug/mL). After washing with PBS, the cells were plated in serum-free medium containing
1% BSA in wells of a 12- well plate that had been coated with anti-rat Ig (13.5 pg/mL) and
blocked for one hour at 37°C with 1% BSA-containing medium. After a one hour
stimulation, adherent and suspension cells were harvested and extracted with 'AKT/PKB
lysis buffer' (20 mM Tris, pH 7.4, 0.14 M NaCl, 1% NP40, 10% glycerol, 2 mM
phenylmethylsulfonyl fluoride, 5 pg/mL aprotinin, 5 pg/mL pepstatin, and 50 ug/mL
leupeptin, 1 mM sodium orthovanadate). After removing cellular debris by centrifugation
at 12000 x g for 10 min, equivalent amounts of total cell protein from these extracts were
resolved by SDS-PAGE (8%) and transferred to nitrocellulose. The blots were then
probed with a rabbit anti-AKT/PKB antiserum, followed by HRP-conjugated goat anti-
rabbit Ig, and the immunoreactive bands were visualized by enhanced chemiluminescence.
These blots were also probed with a rabbit antiserum specific for actin to confirm the
loading of equivalent amounts of protein. Relative AKT/PKB and actin expression levels
were assessed by densitometry using IP Lab Spectrum software (Scanlytics, Vienna, VA).
To determine the level of serine 473-phosphorylated AKT/PKB, cells were
transfected transiently using the Lipofectamine reagent (Gibco) with an HA-tagged
AKT/PKB cDNA (provided by A. Toker). Twenty hours after transfection, these cells
were harvested by trypsinization and subjected to antibody-mediated integrin clustering.
Specifically, cells were incubated on ice for 30 min with either control rat IgG or 439-9B at
a concentration of 10 pg/mL. After washing with PBS, the cells were plated in serum-free
medium containing 1% BSA onto wells of a 60 mM tissue culture dish that had been coated
at 4°C with anti-rat Ig (13.5 pg/mL) and blocked for one hour at 37°C in 1% BSA-
containing medium. After one hour, adherent and suspension cells were harvested, and
washed twice with PBS. Proteins from these cells were extracted with 'AKT/PKB lysis
buffer' (see above). After removing cellular debris by centrifugation at 12000 x g for 10
min at 4°C, equivalent amounts of total cellular protein were precleared with a 1:1 mixture

of protein A and protein G sepharose for 1 hour at 4°C. Immunoprecipitations were then




performed for one hour on these precleared lysates using an HA-specific mbnoclonal
antibody (1 pg-Boehringer Mannheim) and protein A/protein G sepharose beads. Proteins
from these immunoprecipitates were subjected to reducing SDS-PAGE (8%), transferred to
nitrocellulose, and probed with an AKT/PKB phosphoserine 473-specific rabbit antiserum
(New England Biolabs) followed by horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG. Phospho-AKT/PKB was then detected on these blots by chemiluminescence
(Pierce). These samples were also probed with rabbit anti-AKT/PKB. The relative
intensity of Phosphoserine AKT/PKB and AKT/PKB bands was assessed by
densitometry, as described above.

Analysis of AKT/PKB Proteolysis: Baculovirus-expressed AKT/PKB (0.5 pug-
kindly provided by Alex Toker) was incubated with either active recombinant caspase 8 (2
lLg- Calbiochem) or active recombinant caspase 3 (2 ug-Calbiochem) at 37°C for one hour

in a final volume of 10 pl. Subsequently, the reaction mixtures were divided into two

aliquots and resolved by SDS-PAGE (8%). The gels were silver stained using the.

GelCode SilverSNAP Stain Kit (Pierce), or transferred to nitrocellulose and probed with a

rabbit AKT/PKB antiserum as described above.




RESULTS

The o6p4 integrin promotes the survival of p53-deficient, but not p53-wild-
type carcinoma cells: For our initial experiments, we used stable B4 transfectants of
two a6B4-deficient carcinoma cell lines that differ in their p53 status: RKO colon carcinoma
cells, which express wild-type p53 (54), and MDA-MB-435 breast carcinoma cells, which
express a mutant, inactive form of p53 (45). We also used RKO and MDA-MB-435 cells
that expressed a cytoplasmic domain deletion mutant of a6p4 (RKO/B4-Acyt; MDA/B4-Acyt)
that is signaling deficient. The characterization of these cells has been described previously
(13, 67).

To explore the potential influence of o6f4 expression on the survival of serum-
starved carcinoma cells deprived of matrix attachment, the a6B4 and a6B4-Acyt-expressing
RKO and MDA-MB-435 subclones were plated on poly-L-lysine in serum-free medium.
The level of apoptosis in these populations was then determined either by staining with
annexin V-FITC to detect cells in the early stages of apoptosis or by performing terminal
deoxynucleotidyl transferase (TdT) end labeling reactions (Apoptag) to detect DNA
fragmentation (Fig. 1). In addition, we assessed the the viability of these serum-deprived
cells by measuring the cellular uptake of propidium iodide (Table 1). The ability of a6p4 to
promote the survival of these cells was determined by subtracting the percent apoptotic
a6p4-expressing cells from the percent apoptotic a6P4-Acyt-expressing cells.  The
expression of a6p4 in MDA-MB-435 cells significantly increased the survival of these cells
relative to MDA-MB-435 cells expressing a6B4-Acyt, as assessed by annexin V-FITC
staining (Fig. 1), ApopTag staining (Fig. 1), and propidium iodide uptake (Table 1). In
contrast, the expression of a6p4 in RKO cells did not increase the survival of these cells
relative to either the mock (Table 1) or RKO/B4-Acyt transfectants (Fig. 1). In fact, we
observed a higher level of apoptosis and cell death in serum-starved RKO/B4 as compared
to RKO/Ba-Acyt cells, in agreement with our previous demonstration that a64 can promote

apoptosis in wild-type p33 carcinoma cells (4).
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Based on the fact that RKO and MDA-MB-435 cells differ in their p53 étatus, we
reasoned that the ability of a6B4 to promote cell survival may be inhibited by p53. This
hypothesis was examined by investigating the effect of a6p4 expression on the survival of
RKO cells in which p53 activity had been inhibited by expression of a dominant negative
p53 (dnp53) construct. Indeed, a6p4 expression promoted the survival of serum-starved,
dnp53-expressing RKO cells as determined by ApopTag and annexin V-FITC staining
(Fig. 1). These results demonstrate that p53 can suppress the survival signaling mediated

by a6p4 in serum-starved carcinoma cells.

a6p4-mediated survival in pS53-deficient carcinoma cells is inhibited
by dominant negative AKT/PKB: Given the importance of the AKT/PKB kinase in
numerous survival signaling pathways (1, 7, 14, 15, 20, 32, 71), we investigated whether
the survival function of a6B4 in serum-starved, pS3-deficient carcinoma cells was
AKT/PKB-dependent. The MDA-MB-435/B4-transfected clones, as well as the parentalr
cells, were co-transfected with plasmids encoding for green fluorescent protein (GFP) and
a Hemagglutinin (HA)-tagged, kinase-deficient AKT/PKB mutant that acts as a dominant
negative construct (dnAKT/PKB) (20, 24, 70). Expression of this dnAKT/PKB construct
was confirmed by immunoblotting extracts from these transfected cells with an HA-specific
monoclonal antibody (data not shown). After 15 hours of serum starvation, the level of
apoptosis in GFP-positive cells was assessed by annexin V-PE staining. As shown in Fig.
2, MDA-MB-435/p4 clones demonstrated signficantly less apoptosis than parental MDA-
MB-435 cells in agreement with the data shown in Table 1. Importantly, dnAKT/PKB
expression inhibited this o6p4 survival function in each of the two MDA-MB-435 /4 clones

examined, but it did not alter the level of apoptosis in parental MDA-MB-435 cells.

p53 inhibits the activation of AKT/PKB by «6p4: In order to understand the

mechanism by which p53 inhibits a684-mediated survival, we investigated the possibility
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that pS3 alters the ability of this integrin to activate AKT/PKB. Initially, we examined
whether the antibody-mediated clustering of a6p4 in MDA-MB-435 resulted in the
phosphorylation of AKT/PKB on serine-473, an event that has been shown to correlate
with AKT/PKB activation (2). MDA-MB-435/B4 subclones were transfected with an HA-
tagged AKT/PKB construct. These cells were then incubated with either a control rat IgG
or the B4-specific antibody 439-9B and plated in the absence of serum on secondary
antibody-coated tissue culture wells for one hour. HA immunoprecipitations were
performed on extracts from these cells and the levels of serine-phosphorylated AKT/PKB
were assessed by blotting these immunoprecipitates with an antiserum specific for
AKT/PKB molecules phosphorylated on serine residue 473. As shown in Fig. 3A, the
antibody-mediated clustering of a6B4 stimulated an increase in the level of serine-
phosphorylated AKT/PKB in each of two MDA-MB-435/B4 subclones relative to control
cells (2.1-fold increase, B4 clone 1; 5.5-fold increase, B4 clone 2). This a6B4-induced
increase in AKT/PKB serine phosphorylation was dependent on a6p4 signaling based on |
the inability of a6B4-Acyt clustering to increase the level of serine 473-phosphorylated
AKT/PKB in MDA-MB-435/84-Acyt subclones (data not shown).

To investigate the influence of p53 on the activation of AKT/PKB by a6p4, we
explored whether 064 clustering induced the phosphorylation of AKT/PKB on serine
residue 473 in MDA-MB-435/p4 that had been reconstituted with functional p53.
Specifically, MDA-MB-435/B4 cells were transfected with a temperature-sensitive mutant of
human p53 (tsp53) that assumes a functional conformation at 32°C, but not at 37°C (82).
This construct has been used extensively to study the influence of p53 on signaling
pathways involved in cell growth and apoptosis (43, 57). Stable transfectants of these cells
were selected, and tsp53 expression was confirmed by immunoblotting (data not shown).
Tsp53 and mock-transfected cells were then transfected transiently with HA-AKT/PKB.
After incubating these cells with either rat IgG or 439-9B, they were plated on secondary

antibody-coated wells and subjected to a 32°C incubation to stimulate p53 activity, followed
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by a 37°C incubation to activate AKT/PKB. HA immunoprecipitations were performed on
extracts from these cells, and these immunoprecipitates were subjected to immunoblotting
with phosphoserine 473 AKT/PKB-specific rabbit antiserum. As shown in Fig. 3B, the
clustering of a6p4 significantly increased the level of phosphoserine 473-AKT/PKB in
mock-transfected MDA/B4 cells (7.9-fold increase), but not in tsp53-expressing MDA/B4
cells (1.2-fold increase). The importance of p53 in the inhibition of the o6B4-associated
activation of AKT/PKB was indicated by the finding that «6p4 clustering increased the level
of phosphoserine 473 AKT/PKB in MDA/B4+tsp53 transfectants that had been incubated at
37°C, the nonpermissive temperature for this tsp53 construct (data not shown).

The ability of p53 fo suppress the aé6p4-mediated activation of AKT/PKB was
explored further in RKO carcinoma cells, which express wild-type p53. In agreement with
the results obtained in MDA/B4 cells that had been reconstituted with functional p53, the
clustering of a6B4 in two independent RKO/B4 subclones did not result in increased
amounts of serine phosphorylated AKT/PKB (Figs. 3C and data not showh). Importantly,
the expression of dnp53 in RKO/B4 cells restored the ability of a6f4 to activate AKT/PKB,
as evidenced by an increase in phosphoserine 473-AKT/PKB immunoreactivity in
RKO/B4+dnp53 cells that had been subjected to antibody-mediated a6p4 clustering (8.6-
fold increase), as described above (Fig. 3C). The ability of a6p4 to stimulate AKT/PKB
activity in RKO/4 +dnp53 cells but not in RKO/B4 cells was confirmed by performing in
vitro kinase assays using Histone H2B as substrate (data not shown). As a control for
specificity, we also demonstrated that the clustering of a684 on dnp353-expressing RKO/B4-

Acyt cells did not stimulate AKT/PKB activity (data not shown).

a6B4 stimulation induces the caspase 3-depehdent cleavage of AKT/PKB in a
p53-dependent manner: To define the mechanism by which p53 inhibits the ability of
a6p4 to activate AKT/PKB, we investigated whether p33 alters AKT/PKB expression

levels in response to a6p4 clustering. RKO/g4 and RKO/B4+dnp53-expressing cells were
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incubated with either rat Ig or 439-9B and stimulated on secondary antibody-coéted wells
for one hour. The amount of total AKT/PKB in equivalent amounts of total protein from
these lysates was then assessed by immunoblotting. Importantly, the antibody-mediated
clustering of the a6B4 integrin on each of two RKO/B4 subclones resulted in a significant
reduction in the total level of AKT/PKB in these cells (Fig. 4A). In contrast, AKT/PKB
levels were not reduced in dnp53-expressing RKO/B4 cells (Fig. 4B) or in MDA-MB-
435/B4 subclones (data not shown) following the antibody-mediated clustering of a6p4. We
also observed decreased levels of HA-AKT/PKB protein in HA-AKT/PKB-transfected
RKO/B4 cells, but not in HA-AKT/PKB-transfected RKO/B4+dnp53 cells upon the
antibody-mediated clustering of a6p4 (data not shown).

Based on the reported ability of caspases to cleave signaling molecules that promote
cell survival (12, 21, 66), we hypothesized that a6f4 may promote the caspase-dependent
cleavage of AKT/PKB in wild-type p53-expressing carcinoma cells. Initially, we explored
the importance of caspase 3 activity, which has been shown to play a crucial role in p53- |
dependent apoptotic pathways (30), in the o6p4-associated reduction of AKT/PKB
expression levels. In agreement with the data shown in Fig. 4, the clustering of a6p4 in
control RKO/4 cells significantly reduced the level of AKT/PKB in these carcinoma cells
(Fig. 5). However, RKO/p4 cells that had been pretreated with Z-DEVD-FMK, a cell-
permeable caspase 3 inhibitor, did not exhibit decreased levels of AKT/PKB in response to
a6B4 clustering (Fig. 5). In contrast, we detected a decreased amount of AKT/PKB
following the clustering of a6f4 in RKO/B4 cells that had been pretreated with Z-IETD-
FMK, a cell permeable caspase 8 inhibitor (Fig. 5). Importantly, no effect of these
inhibitors on AKT/PKB levels was observed upon the clustering of o684 on RKO/a6p4-
Acyt cells (data not shown).

The ability of the caspase 3 inhibitor to restore normal AKT/PKB levels suggested
that AKT/PKB is cleaved by caspase 3 upon the clustering of a6B4 in carcinoma cells

expressing wild-type p53. To establish the caspase 3-mediated cleavage of AKT/PKB
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more rigorously, we investigated whether a recombinant form of this cysteine protease
could cleave AKT/PKB in vitro. Proteins in these reactions were resolved by SDS-PAGE
and detected by silver staining. The results obtained revealed that the incubation of
baculovirus-expressed AKT/PKB (Mr, 60kD) with recombinant caspase 3 resulted in the
formation of an AKT/PKB cleavage product (Mr, 49 kD) (Fig. 6). In contrast, we did not
detect an AKT/PKB cleavage product following the incubation of baculovirus AKT/PKB
with recombinant caspase 8 (Fig. 6). This AKT/PKB cleavage product was also detected
by immunoblotting with an antiserum specific for the COOH-terminus of AKT/PKB,
suggesting that caspase 3 cleaves AKT/PKB at its amino terminus (data not shown).

Finally, to demonstrate that the caspase 3-dependent cleavage of AKT/PKB was
responsible for the p53 inhibition of AKT/PKB activity in RKO/B4 cells, we explored the
effects of a caspase 3 inhibitor on the ability of o6B4 to activate AKT/PKB. HA-
AKT/PKB-transfected RKO/B4 cells were subjected to antibody-mediated a6p4 clustering in
the presence of either DMSO or the caspase 3 inhibitor Z-DEVD-FMK. HA"~
immunoprecipitates from extracts from these cells were then subjected to immunoblotting
with the phosphoserine 473 AKT/PKB-specific rabbit antiserum. As shown in Figure 7,
the pretreatment of RKO/B4 cells with Z-DEVD-FMK restored the ability of a6p4 to
stimulate the phosphorylation of AKT/PKB in these cells. These results demonstrate that
a6p4 stimulates the caspase 3-dependent cleavage and inactivation of AKT/PKB in p53- _

wild-type, but not in p53-deficient carcinoma cells.
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Discussion

The binding of extracellular matrix proteins to integrins initiates survival signals that
inhibit anoikis, a form of apoptosis induced upon the detachment of cells from extracellular
matrix (28, 47). In the current studies, we show that the a6p4 integrin suppresses anoikis
exclusively in carcinoma cells that lack functional p53. Furthermore, we demonstrate that
this a6p4-associated survival function depends on the ability of this integrin to activate the
serine/threonine kinase AKT/PKB in p53-deficient cells. Finally, we provide evidence that
p53 inhibits the o6p4-mediated activation of AKT/PKB by promoting the caspase 3-
~ dependent cleavage of this kinase. Collectively, our findings establish that p53 can inhibit
an integrin-associated survival function, a phenomenon that has important implications for
tumor cell growth.

Our results suggest that the a6f4 integrin can enhance the survival of carcinoma
cells in an AKT/PKB-dependent manner. Although previous studies have shown that cell
attachment to matrix proteins promotes the survival of primary epithelial cells (26, 41), |
a6P4 is the first specific integrin to be implicated in the delivery of AKT/PKB-dependent
survival signals to carcinoma cells. The importance of AKT/PKB in «6B4 survival
signaling was indicated in our studies by the ability of a dnAKT/PKB construct containing
inactivating mutations in the catalytic domain to inhibit the survival effect of «6p4 in serum-
starved MDA-MB-435 cells. Although this dn/ has been used extensively to implicate
AKT/PKB in survival pathways, it is possible that it associates with phosphoinositide-
dependent kinases and inhibits their activity. However, our observation that the expression
of a constitutively active AKT/PKB in MDA-MBA-435 enhances their survival (data not
shown) strongly suggests that o684 expression promotes the survival of these cells by
activating AKT/PKB.

Our demonstration that p53 can inhibit AKT/PKB kinase activity is of interest in
light of the recent finding that the PTEN tumor suppressor can also inhibit cell growth by

inhibiting AKT/PKB in a manner that is dependent on its lipid phosphatase activity (16, 53,
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61, 72, 75). Together, our current findings on p53 and t’he previously described activities
of PTEN highlight the impact of tumor suppressors on integrin-mediated functions.
Moreover, our demonstration that p53 inhibits «6p4 survival signaling by promoting the
caspase-dependent cleavage of AKT/PKB provides a mechanistic link between tumor
suppressor function and the regulation of integrin signaling, similar to the phosphatase
activities of PTEN. Although previous studies have demonstrated that caspases can be
activated by p53 in both cell-free systems (18) as well as in response to DNA damage (30,
81), our findings suggest that caspases can also be activated by an integrin in a p53-
dependent manner. Indeed, it will be informative to determine if other activators of p53
such as DNA damage (44, 69) can promote the caspase-dependent cleavage of AKT/PKB.

The finding that AKT/PKB activity can be regulated by caspase 3 substantiates the
hypothesis that caspases play an important role in many forms of apoptosis based on their
ability to cleave signaling molecules that influence cell survival. For example, caspases
have been shown to cleave and inactivate an inhibitor of caspase-activated |
deoxyribonuclease (CAD). Importantly, the cleavage of this inhibitor results in the
activation of CAD, which is the enzyme responsible for the DNA fragmentation that is
characteristic of apoptosis (21, 66). Caspase 3 has also been shown to cleave bcl-2,
resulting in an inhibition of its anti-apoptotic function (12). While AKT/PKB has been
suggested to be a target of caspase activity based on the reduced levels of this kinase
observed in T cells in response to fas stimulation (79), our results extend this finding by
establishing definitively that AKT/PKB is cleaved by caspase 3. More importantly, we
provide evidence that this cleavage event results in the inhibition of AKT/PKB kinase
activity, and implicate this event in the inhibition of 684 integrin survival signaling.

It is important to consider the mechanism by which the a6p4-induced, caspase-
dependent cleavage of AKT/PKB inhibits its kinase activity. We detected an AKT/PKB
fragment (Mr, 49 kD) following the in vitro incubation of AKT/PKB with recombinant

caspase 3. This fragment was recognized by a rabbit antiserum raised against a peptide
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corresponding to the extreme COOH-terminal amino acids of the molecule, suggésting that
caspase 3 cleaves AKT/PKB at its amino terminus. Interestingly, the pleckstrin homology
(PH) domain, which resides in the NH2-terminus of AKT/PKB, is important in both the
translocation of this kinase to the membrane and its subsequent activation (3, 27). It is
possible that the caspase 3-dependent cleavage of AKT/PKB prevents the membrane
translocation of this kinase, thus preventing its activation. However, we were unable to
identify an AKT/PKB fragment in vivo following the clustering of a6B4, despite our
detection of reduced AKT/PKB levels under these conditions. This result suggests that
following the initial cleavage of AKT/PKB by caspase 3, this kinase is subjected to further
cleavage by other caspases, as has been shown for ICAD (76). Moreover, our inability to
detect AKT/PKB fragments in vivo following the clustering of «6B4 suggests that
AKT/PKB cannnot be detected by immunoblotting following its cleavage by multiple
caspases. The ability of a caspase 3 inhibitor to restore both normal AKT/PKB levels as
well as the o6f4-mediated activation of AKT/PKB suggests that the degradation of |
AKT/PKB observed in vivo is dependent on the initial cleavage of this kinase by caspase 3.
In contrast to our finding that p53-dependent, caspase 3 activity inhibits AKT/PKB,
other studies have concluded that constitutively active AKT/PKB can delay p53-dependent
apoptosis (65), inhibit caspases (10), and block caspase-dependent forms of apoptosis (6,
33). The demonstrated ability of AKT/PKB to inhibit p53 and caspase activity in these
studies may relate to the kinetics of AKT/PKB activation. Specifically, the rapid
stimulation of AKT/PKB may impede p53 or caspase activation. In contrast, the ability of
a6p4 clustering to promote the caspase 3-dependent inactivation of AKT/PKB in p53-wild-
type carcinoma cells may relate to the fact that a6B4 signaling stimulates caspase activity
prior to AKT/PKB activity in these cells. Alternatively, it is possible that the ability of
caspase 3 to cleave AKT/PKB has not observed in previous studies because insufficient

amounts of endogenous caspase activity were present to inhibit the activity of exogenously
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introduced, active AKT/PKB. Nonetheless, these results suggest that an intimate crosstalk
exists between AKT/PKB and caspases that contributes to the regulation of cell survival.

We have previously demonstrated that the a6f4 integrin activates p53 function (4).
The current studies describe an important consequence of this a6p4 activity, namely the
inhibition of AKT/PKB activity and its associated cell survival function. Similar to
previous results from our laboratory (4, 59, 67) and others (42, 74), the current studies
demonstrate that the survival function of a6B4 is ligand-independent in p4-transfected, p53-
deficient carcinoma cells. This ligand-independent survival function may be attributable to.
the ability of the B4 cytoplasmic domain to self-associate (63).

In addition to demonstrating that p53 inhibits a6p4-mediated survival, we observed
that o6B4 increases the level of apoptosis observed in serum-starved p53-wild-type
carcinoma cells. This result suggests that the apoptotic signaling pathway activated by a6p4
can augment the apoptotic signaling initiated by serum deprivation. Although p53 has been
implicated in the apoptosis induced in endothelial cells upon their detachment from matrix
(38), others have reported that epithelial cell anoikis is p53-independent (9). In agreement
with the results of the latter study, we observed apoptosis in p53-deficient cells including
MDA-MB-435 cells and dnp53-expressing RKO cells upon their detachment from matrix.
These results indicate that carcinoma cells are subject to a p53-independent form of anoikis.
In combination with our previous observation that a6p4 apoptotic signaling requires p53
activity (4), our findings suggest that the p53-independent apoptosis of carcinoma cells that
occurs in response to matrix detachment can be enhanced by p53-dependent, a6B4 apoptotic
signaling.

The current studies may explain why the «6p4 integrin has been implicated in the
apoptosis of some cells and the survival of others. Specifically, a6p4 has been shown to
induce growth arrest and apoptosis in several carcinoma cell lines (13, 42, 74) as well as in
endothelial cells (49). However, this integrin has also been shown to promote the

proliferation (46, 51) and survival (19) of keratinocytes. These apparently contradictory
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functions of o6p4 may reléte to the fact that the functions of a6p4 are cell type-specific. The
current studies establish that the pS3 tumor suppressor is one critical signaling molecule
that may influence a6p4 function in different cell types because this integrin promotes
apoptosis only in wild-type p53-expressing cells and survival only in p53-deficient cells.
Interestingly, the reported ability of a6p4 to promote keratinocyte survival (19) may relate
to the reported deficiency of p53 activity in these cells (55).

One implication of our findings is that the a6p4 integrin is similar to a number of
oncogenes that promote cell proliferation in some settings and cell death in others. The
recent observation that oncogenes can deliver such death signals has led to their seemingly
contradictory categorization as tumor suppressors in select environments. For example,
although the stimulation of c-myc and E2F normally promotes cell proliferation, the
activation of these “oncogenes” induces apoptosis in the presence of secondary stress

signals such as p53 expression, serum starvation or hypoxia (23, 36, 58, 68, 80). The

ability of these stress signals to stimulate oncogene-dependent apoptosis is thought to be

important in eliminating tumor cells that escape normal proliferation checkpoints as a result
of oncogene expression. Similarly, the a6p4 integrin, which promotes the survival of p53-
deficient cells, could also be classified loosely as a tumor suppressor based on its apoptotic
function in carcinoma cells that express wild-type p53. The current studies demonstrate
that, similar to the activity of oncogenes, integrin function and signaling can be profoundly
influenced by physiological stimuli that activate other signaling pathways in a cell.

In summary, we have described the ability of the o6B4 integrin to promote the
survival of pS3-mutant, but not p53-wild-type carcinoma cells. This ability of p53 to
influence integrin-mediated functions so markedly derives from its ability to activate the
caspase 3-dependent cleavage of AKT/PKB. The fact that AKT/PKB overexpression has
been suggested to contribute to the transformed phenotype of tumor cells (5) suggests that
the introduction of the o6p4 integrin into p53-wild type tumors may inhibit their growth by

inducing the cleavage of this transforming protein. The ability of a6p4 to induce the p53-
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dependent cleavage of AKT/PKB also suggests that the acquisition of iﬂactivating
mutations in either p53 or caspase 3 will provide a selective growth advantage for
carcinoma cells by stimulating a6p4-mediated AKT/PKB-dependent survival signaling.
Moreover, given our previous demonstration that a684 promotes carcinoma cell migration
and invasion (11, 56, 59, 67), we suggest that carcinoma cells that express a6B4 and
mutant forms of p53 or caspase 3 will have a distinct advantage in their ability to

disseminate and survive as metastatic lesions.
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Figure Legends

Figure 1. p53 inhibits a6p4-mediated survival. MDA-MB-435, RKO, and RKO+dnp53
cells that expressed either a6p4 (B4) or a6p4a-Acyt (B4-Acyt) were plated on poly-L-lysine-
coated tissue culture wells and cultured in the absence of serum. After 15 hours, the cells
were harvested, subjected to either ApopTag reactions (A) or annexin V-FITC staining (B),
and analyzed by flow cytometry. A survival effect of a6p4 was quantified by subtracting
the percentage of o6p4-expressing cells that were positive for either Apoptag (A) or annexin
V-FITC (B) staining from the percentage of a6B4-Acyt-expressing cells that were positive
for these markers. This value was plotted on the bar graphs shown in (A) and (B), with
positive values indicating that the specified B4 clone exhibits increased survival relative to
the relevant B4-Acyt subclone, and negative values indicating an increased apoptosis of the
indicated clone relative to the appropriate p4-Acyt clone. The data in (A) represent the
means (+/- SEM) from three independent experiments. Similar results to those shown in

(B) were observed in three separate trials.

Figure 2. Expression of a dominant negative AKT/PKB inhibits o684-mediated survival.
Parental (neo) and a6B4-expressing (B4) MDA-MB-435 cells were transfected with either a
GFP-expressing plasmid (mock) or both a GFP and a dnAKT/PKB-expressing construct
(dnAKT/PKB), plated on poly-L-lysine, and cultured for 15 hours in the absence of
serum. Apoptosis in these cells was then assessed by annexin V-PE staining. The data
are reported as the percentage of GFP-positive cells that were stained by annexin V-PE.

Similar results were observed in two additional experiments.

Figure 3. p53 inhibits the ability of o6B4 to induce AKT/PKB phosphorylation in
carcinoma cells. MDA/B4, MDA/B4+tsp53, RKO/B4, and RKO/B4 + dnp53 cells were
transfected transiently with a hemagluttinin (HA)-tagged AKT/PKB. These transfectants

were incubated with the indicated primary antibodies, washed, and plated in the absence of
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serum on secondary antibody-coated tissue culture wells. HA-AKT/PKB-transfected
MDA/B4 (A), RKO/B4 (C), and RKO/B4 + dnp53 (C) cells were stimulated for one hour at
37°C. Alternatively, mock and tsp53-transfected MDA/B4 cells (B) were stimulated for one
hour at 32°C to activate tsp53, followed by an additional hour at 37°C to activate
AKT/PKB. Immunoprecipitations were performed with an HA-specific monoclonal
antibody on equal amounts of total extracted protein. The immunoprecipitates were
resolved by SDS-PAGE (8%), transferred to nitrocellulose, and probed with a
phosphoserine 473 AKT/PKB-specific rabbit antiserum (New England Biolabs), followed
by horseradish peroxidase-conjugated goat anti-rabbit IgG.  Phosphoserine-specific

AKT/PKB bands were detected by chemiluminescence, and are noted by arrows.

Figure 4. Clustering of the a6p4 integrin reduces AKT/PKB protein levels in p53-wild
type but not in p53-deficient carcinoma cells. RKO/p4 (A&B) and RKO/g4+dnp53 (B)-
expressing cells were incubated with either rat Ig or 439-9B and plated on secondary -
antibody-coated wells for one hour in the absence of serum. Equivalent amounts of total
protein from lysates from these cells were resolved by SDS-PAGE (8%), transferred to
nitrocellulose, and probed with an AKT/PKB-specific rabbit antiserum (New England
Biolabs) followed by horseradish peroxidase-conjugated goat anti-rabbit IgG. These blots
were also probed with an actin-specific rabbit antiserum (Sigma) to confirm the loading of
equivalent amounts of protein. The AKT/PKB and actin bands were detected by enhanced
chemiluminescence, and are indicated by arrows. These bands were then quantified by
densitometry. o6B4 clustering decreased AKT/PKB levels in RKO/B4 subclone (1.7-fold
decrease-p4 clone 1; 1.9-fold decrease- B4 clone 2), but not in RKO/g4 + dnp53 cells.

Similar results were observed in four additional trials.

Figure 5. A caspase 3 inhibitor blocks a6p4-associated reductions in AKT/PKB protein

levels. RKO/p4 cells were incubated with either rat Ig or 439-9B in the presence of DMSO
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(1:500), a caspase 3 inhibitor (Z-DEVD-FMK; 4 ng/ml), or a caspase 8 inhibitor (Z-IETD-
FMK; 4 pg/mL). These cells were then washed with PBS and plated onto secondary
antibody-coated wells in the presence of the same drugs for one hour in serum-free
medium. Equivalent amounts of total protein were resolved by SDS-PAGE (8%),
transferred to nitrocellulose, and probed with an AKT/PKB-specific rabbit antiserum (New
England Biolabs) followed by horseradish peroxidase-conjugated goat anti-rabbit IgG.
AKT/PKB was detected by enhanced chemiluminescence and quantified by densitometry.
The antibody-mediated clustering of a6p4 decreased the level of AKT/PKB in DMSO-
treated cells (2.0-fold decrease- B4 clone 1; 1.9-fold decrease- B4 clone 2), as well as in
cells pretreated with a caspase 8 inhibitor (1.9-fold decrease). In contrast, the pretreatment
of these cells with a caspase 3 inhibitor partially restored AKT/PKB levels in RKO/B4 cells
subjected to a6p4 clustering (1.1 fold decrease, p4 clone 1; 1.1-fold decrease- 4 clone 2).
By probing these blots with an actin-specific rabbit antiserum (Sigma), we confirmed that
equivalent amounts of actin were present in each lane (data not shown). Similar results

were observed in three experiments.

Figure 6. AKT/PKB is cleaved by recombinant caspase 3 in vitro. Baculovirus-expressed
AKT/PKB (0.5 1g) was incubated either alone, with recombinant caspase 3 (2 Ug) or with
recombinant caspase 8 (2 pg) for one hour at 37°C. Proteins in these reactions were
resolved by SDS-PAGE (8%) and subjected to silver staining. AKT/PKB and its cleavage

product are indicated by arrows. Similar results were observed in three trials.

Figure 7. A caspase 3 inhibitor restores the ability of 64 to induce AKT/PKB
phosphorylation. HA-AKT/PKB-transfected RKO/B4 cells were incubated with either rat
Ig or 439-9B in the presence of DMSO (1:500) or a caspase 3 inhibitor (Z-DEVD-FMK;
4ug/mL). After washing with PBS, these cells were plated on secondary antibody-coated

wells in serum-free medium containing the indicated drugs for one hour. HA
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immunoprecipitations were performed on equivalent amounts of total extracted protein from
these samples. These immunoprecipitates were resolved by SDS-PAGE (8%), transferred
to nitrocellulose, and probed with rabbit antiserum specific for phosphoserine 473-
AKT/PKB, followed by horseradish peroxidase-conjugated goat anti-rabbit Ig.
Phosphoserine 473-AKT/PKB was then detected by enhanced chemiluminescence, and is
indicated by an arrow. Total AKT/PKB levels were also assessed by stripping these
membranes and probing with an AKT/PKB-specific rabbit antiserum (data not shown).
Relative activity was assessed by determining the ratio of serine phosphorylated AKT/PKB
to that of total AKT/PKB for each sample (Relative AKT activity: Lane 1=1.0, lane 2=1.3,

Lane 3=1.1, Lane 4=3.1). Similar results were observed in three experiments.
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Table I. Influence of o634 Integrin on the Viability of
RKO and MDA-MB-435 Cells

Clone % Propidium lodide Positive Cells
MDA/Mock 21
B4 Clone 1 13
B4 Clone 2 9
RKO/Mock 32
B4 Clone 1 49
B4 Clone 2 47

Mock-transfected and P4-transfected MDA-MB-435 and RKO cells were
plated on poly-L-lysine (25 pug/mL) in the absence of serum for 15 hours,
harvested, and incubated with propidium iodide (PI). The percentage of PI-
positive cells was then assessed by flow cytometry. Similar results were
observed in four independent experiments.
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Reiease of cAMP Gating by the o634 Integrin
Stimulates Lamellae Formation and the Chemotactic

Migration of Invasive Carcinoma Cells

Kathleen L. O’Connor, Leslie M. Shaw, and Arthur M. Mercurio
Department of Medicine, Beth Israel Deaconess Medical Center and Harvard Medical School, Boston, Massachusetts 02215

Abstract. The w64 integrin promotes carcinoma in-
vasion by its activation of a phosphoinositide 3-OH
(PI13-K) signaling pathway (Shaw, L.M., I. Rabinovitz,
H.H.-F. Wang, A. Toker, and A.M. Mercurio. Cell. 91:
949-960). We demonstrate here using MDA-MB-435
breast carcinoma cells that a6p4 stimulates chemotactic
migration, a key component of invasion, but that it has
no influence on haptotaxis. Stimulation of chemotaxis
by a634 expression was observed in response to either
lysophosphatidic acid (LPA) or fibroblast conditioned
medium. Moreover, the LPA-dependent formation of
lamellae in these ceils is dependent upon a6B4 expres-
sion. Both lamellae formation and chemotactic migra-
tion are inhibited or “gated” by cAMP and our results
reveal that a critical function of «6B4 is to suppress the
intracellular cAMP concentration by increasing the ac-

tivity of a rolipram-sensitive, cAMP-specific phospho-
diesterase (PDE). This PDE activity is essential for
lamellae formation, chemotactic migration and inva-
sion based on data obtained with PDE inhibitors. Al-
though PI3-K and cAMP-specific PDE activities are
both required to promote lamellae formation and
chemotactic migration, our data indicate that they are
components of distinct signaling pathways. The essence
of our findings is that «6p4 stimulates the chemotactic
migration of carcinoma cells through its ability to influ-
ence key signaling events that underlie this critical com-
ponent of carcinoma invasion.

Key words: integrin ® migration ® cyclic AMP ® phos-
phodiesterase ® cytoskeleton

volves directed migration and localized proteolysis

(24). Although the mechanistic basis of invasion
had been elusive, recent advances in molecular cell biol-
ogy have facilitated a much more rigorous analysis of this
important and critical component of cancer progression.
In particular, insight into the function and regulation of
cell adhesion receptors, as well as proteases, has fueled
significant progress in our understanding of the invasive
process. Studies aimed at defining specific signal transduc-
tion pathways that determine the behavior of invasive car-
cinoma cells are also contributing to an uncovering of the
molecular basis of invasion. '

Recent work by our group and others has implicated a
key role for the a6p4 integrin in carcinoma invasion (3, 10,
32, 35, 40, 47). This integrin, which is a receptor for the
laminins, is essential for the organization and maintenance
of epithelial structure. In many epithelia, «6B4 mediates

CARCINOMA invasion is a complex process that in-
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the formation of stable adhesive structures termed hemi-
desmosomes that link the intermediate filament cytoskele-
ton with the extracellular matrix (2, 12). The importance
of this integrin in epithelial structure has been reinforced
by the generation of B4-nullizygous mice that exhibit gross
alterations in epithelial morphology and anchorage to the
basement membrane (9, 46). In contrast to its function in
normal epithelia, «6B4 can stimulate carcinoma migration
and invasion through its ability to interact with the actin
cytoskeleton and mediate the formation and stabilization
of lamellae (32). This dynamic function of a:634 in enhanc-
ing the migration of invasive carcinoma cells is quite dis-
tinct from its role in maintaining stable adhesive contacts
in normal epithelia by associating with intermediate fila-
ments. In fact, we have established that the ability of a6p4
to stimulate carcinoma migration and invasion depends
upon its preferential activation of a phosphoinositide 3-OH
kinase (PI3-K)!/Rac signaling pathway that we (40) and

1. Abbreviations used in this paper: [cAMP];, intracellular cyclic AMP con-
centration; DIC, differential-interference contrast; Gi, inhibitory type G
protein; IBMX, isobutylmethylxanthine; LPA, lysophosphatidic acid;
PDE; phosphodiesterase; PI3-K, phosphoinositide 3-OH kinase.
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others (18) have shown is necessary for invasion. In es-
sence, our studies have defined an integrin-mediated
mechanism of carcinoma invasion that involves the stimu-
lation of carcinoma migration by the dynamic association
of a6p4 with F-actin and the activation of a specific signal-
ing pathway by this integrin.

Although we have established the involvement of «6p4
in the migration of invasive carcinoma cells, the nature of
this migration has not been well defined. Moreover, sig-
naling pathways distinct from PI3-K/Rac that are also reg-
ulated by a6pB4 are likely to contribute to carcinoma mi-
gration. For these reasons, we sought to examine the
migration mediated by a684 in more detail and to identify
other signaling pathways regulated by this integrin that
contribute to migration. The results obtained indicate that
a6f34 stimulates the chemotactic migration of invasive car-
cinoma cells but that it has no influence on their haptotac-
tic migration. Importantly, we demonstrate that the ability
of a6p4 to suppress the intracellular cAMP concentration
([cAMPY];) by activating a cAMP-specific phosphodiester-
ase (PDE) is essential for its enhancement of lamellae for-
mation and chemotactic migration. Although PI3-K and
cAMP-specific PDE activities are required for lamellae for-
mation and chemotactic migration, we conclude that they
are components of distinct signaling pathways.

Materials and Methods
Cell Culture and Antibodies

We used stable subclones of MDA-MB-435 human breast carcinoma cells
that had been transfected with either the expression vector alone (mock
transfectants), a full-length B4 cDNA (MDA/B4 transfectants), or a mu-
tated B4 cDNA that lacked the entire cytoplasmic domain with the excep-
tion of four amino acids distal to the transmembrane sequence (MDA/B4-
ACYT). The characterization of these transfectants has been described
previously (38, 40). Both the B4 transfectants and the B4-ACYT transfec-
tants expressed the a6p4 heterodimer on the cell surface as asscssed by
FACS® analysis and immunoprecipitation of surface-labeled extracts (40).
The surface expression of a6B4 in these transfectants was comparable
to the expression seen in other breast carcinoma cell lines that express
this integrin endogenously such as MDA-MB-231 cells (Shaw, L.M., un-
published observation). All MDA-MB-435 cells were cultured in Dul-
becco’s modified Eagle’s medium (DME) with 10% fetal calf serum plus
1% L-glutamine, 1% penicillin, and 1% streptomycin (GIBCO BRL.
Gaithersburg, MD). Clone A cells, originally isolated from a human,
poorly differentiated colon adenocarcinoma (7) and were cultured in
RPMI 1640 medium containing 10% fetal calf scrum plus 1% L-glutamine,
1% penicillin, and 1% streptomycin.

NIH-3T3 cells were cultured in DME containing 10% newborn calf sc-
rum plus 1% L-glutamine, 1% penicillin, and 1% streptomycin. NIH-3T3
conditioned medium was prepared from normal culture medium incu-
bated with cells for 2 d before harvest with cellular debris removed by cen-
trifugation.

The following function blocking, integrin-specific monoclonal antibod-
ies (mAb) were used: mAb 13 (mouse anti-B1; S. Akiyama. National Insti-
tutes of Health, Research Triangle Park, NC), GOH3 (rat anti-a6; Immu-
notech, Westbrook, ME) and 2B7 (mouse anti-a6, preparcd by our
laboratory [39]). Non-specific mouse IgG was purchased from Sigma
Chemical Co. (St. Louis, MO).

Migration and Invasion Assays

Cells were harvested using trypsin, rinsed three times with serum-free
DME containing 250 pg/m! heat-inactivated BSA (DME/BSA), and then
resuspended in DME/BSA. For migration assays, the lower surface of the
membrane in each Transwell chamber (6.5-mm-diam, 8 um pore size;
Costar, Cambridge, MA) was coated for 30 min with either 15 pg/ml lami-

The Journal of Cell Biology, Volume 143, 1998

13

nin-1 purified from Englebreth-Holm-Swarm tumor (19), 15 pg/ml col-
lagen 1 (Vitrogen®; Collagen Biomaterials, Palo Alto, CA), or NIH-3T3
conditioned medium. For chemotaxis assays, either NIH-3T3 conditioned
medium or lysophosphatidic acid (LPA) was added to the lower chamber.
For haptotaxis assays, DME/BSA was added to the lower chamber. Cells
(5 X 10%) suspended in DME/BSA were added to the upper chamber. Af-
ter incubating for 4 h at 37°C. nonmigrating cells were removed from the
upper chamber with a cotton swab and cells that had migrated to the
lower surface of the membrane were fixed with 100% mcthanol and
stained with 0.2% (wt/vol) crystal violet in 2% cthanol. Migration was
quantificd by counting cells per square millimeter using bright-field optics.
For antibody inhibition experiments. cells were incubated with 20 pg/mi
of antibody for 30 min and then added to the Transwell chambers. The cf-
fects of pertussis toxin, IBMX (Calbiochem-Novabiochem, La Jolla, CA),
forskolin, and rolipram (Sigma Chemical Co.) on migration were assessed
by preincubating the cells with these reagents for 30 min before assay and
including them in the assay medium at the concentrations noted in the fig-
ure legends.

Invasion assays were performed as described previously (40). In bricf,
10 pg of Matrige! (Collaborative Rescarch, Bedford, MA) was diluted
with cold water and dricd onto each Transwell filter. The Matrigel was
reconstituted with DME for 1 h before its use in the assays. Cells were
prepared as above and then added to the upper chamber of cach well.
NIH-3T3 conditioned medium was added to the lower chamber. Cells
were allowed to invade for 4 h and then cells that had invaded were
stained and quantificd as described above.

cAMP Assays

Culture dishes (35-mm) were coated overnight with 20 pg/ml of collagen 1
in PBS and then blocked with serum-free RPMI containing 250 wg/ml
BSA (RPMI/BSA). Cells (1.5 X 10%) were then plated for 2 h and har-
vested by quickly removing the medium and extracting them directly with
80% (vol/vol) ethanol. Cell extracts were collected, cleared by centrifuga-
tion in a microcentrifuge for 10 min. dricd in a SpeedVac (Savant Instru-
ments. Farmingdale, NY) for 1.5 h, and then resuspended in 50 mM
phosphate buffer, pH 6.2. The intracellular cAMP concentration was
quantified using a cAMP ¢nzyme-linked immunoabsorption assay (cAMP
EIA; Cayman Biochemicals, Ann Arbor, MI) following the manufac-
turer's recommendation using nonacctylated cAMP as a standard and
acctylcholine esterase-linked cAMP as a competitor. Values were cor-
rected for cell number as determined from replicate plates. In some exper-
iments, either 50 uM forskolin alone or forskolin plus 1 mM IBMX was
added to cells 15 min before harvesting. To determine the cAMP content
of cells under normal culture conditions, cells were plated in 35-mm dishes
in DME plus 10% FCS, incubated for 18 h, and then processed as de-
scribed above.

Phosphodiesterase Assays

cAMP PDE assays were performed according to the protocol of Sctte et
al. (37). In bricf, cells were plated onto collagen I coated dishes as de-
scribed for cAMP assays. Cells were then scraped from the dishes in a hy-
potonic lysis buffer (PDE lysis buffer: 20 mM Tris-HCI, pH 8.0, 1 mM
EDTA. 0.2 mM EGTA. 50 mM sodium fluoride, 10 mM sodium pyro-
phosphate. 0.5 pg/m! leupeptin, 0.7 pg/m! pepstatin, 4 pg/ml aprotinin,
and 2 mM PMSF) and then sonicated. Cellular debris was removed by
centrifugation and the supernatants were assayed immediately for PDE
activity. PDE activity of cell extracts (2-4 pg protein) was assayed in
cAMP PDE assay buffer (20 mM Tris-HCI, pH 8.0, 10 mM MgCl,, 1.25
mM B-mercaptocthanol, 0.14 mg/m! BSA, 1 pM cAMP, and 0.2 pCi [*H]
cAMP) for 10 min at 34°C. The reaction was stopped by adding 40 mM
Tris, pH 7.5, containing 10 mM EDTA and hcating for 2 min at 100°C.
The reaction products were then digested with 50 pg Crotalus atrox snake
venom (Sigma Chemical Co.) for 30 min at 34°C, scparated from substrate
using SpinZyme acidic alumina devices (Picree Chemical Co., Rockford,
IL), and quantified using a scintillation counter (Wallace, Gaithersburg,
MD). Values were corrected for protein content and are reported as pmol
cAMP hydrolyzed/min per milligram of protein. Protein content of ccll
extracts was determined using the Bio-Rad protein reagent (Hercules,
CA) with BSA as a protein standard. Where noted. cells were incubated
either for 30 min with 50 wM forskolin or 100 nM wortmannin or for 5 min
with 100 nM LPA before harvest. For rolipram inhibition of PDE activ-
ity, 100 nM rolipram was added to cell extracts for 5 min before assaying
for PDE activity.
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Assessment of Lamellae Formation

Glass coverslips were coated overnight at 4°C with 20 pg/ml collagen I or
laminin-1 and then blocked with BSA (0.25% in RPMI). The MDA-MB-
435 transfectants were trypsinized and rinsed as described above, and then
plated onto the coverslips for 2 h. As noted, cells were then treated with
either 1 mM IBMX or 0.2% DMSO for 30 min. Subsequently, the cells
were either treated with 100 nM LPA for 5 min or left untreated and then
fixed for 10 min with 4% paraformaldehyde containing 10 mM Pipes, pH
6.8,2 mM EGTA, 2 mM MgCl,, 7% sucrose, and 100mM KCIl. The cover-
slips were rinsed three times with PBS and mounted in glycerol. For the
analysis of clone A cells, the cells were treated with IBMX or DMSO for
30 min, plated on laminin-1-coated coverslips, incubated for 45 min at
37°C, and then fixed. Clone A cells were then rinsed three times with PBS
and incubated with blocking solution containing 1% BSA/5% normal
donkey serum for 30 min. Cells were incubated with 20 wg/ml TRITC-
labeled phalloidin in blocking solution for 30 min. Cells were rinsed four
times with PBS over 30 min and then mounted in glycerol containing 1X
PBS, pH 8.5, and 0.1% propylgallate. All cells were imaged with a Nikon
Diaphot 300 inverted microscope (Tokyo, Japan) using either Nomarski
differential-interference contrast (DIC) or phase-contrast optics. Images
were captured with a charge-coupled device camera (Dage-MTI, Michi-
gan City, IN), a frame grabber (Scion, Frederick, MD) and a 7600 Power
Macintosh computer (Apple Computer, Cupertino, CA). Images were an-
alyzed and lamellar area quantified using IPLab Spectrum image analysis
software (Signal Analytics, Vienna, VA) using the criteria for defining
lamellae used previously by our group (32). Lamellac were defined as
broad, flat cellular protrusions rich in F-actin and devoid of membrane-
bound vesicles. The lamellar area of each cell was determined using both
phase contrast optics and FITC-phalloidin staining.

Analysis of PDE Expression

To determine the relative expression of PDE in the cells used in this
study, cell extracts (40 pg of protein) were resolved by SDS-PAGE (8%),
transferred to nitrocellulose, and then immunoblotted with PDE4-specific
antibodies provided by M. Conti (Stanford University, Stanford, CA) (15).
Immune complexes were detected with horseradish peroxidase-conju-
gated secondary antibodies and visualized using SuperSignal chemilumi-
nescent substrate (Pierce Chemical Co.).
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Analysis of PI3-K Activation

The activation of PI3-K by the integrin a6p4 was assessed as described
previously (40). In brief, cells were trypsinized and rinsed as above, resus-
pended in RPMI/BSA at a concentration of 2 X 10° cells/ml and incubated
for 30 min with integrin-specific antibodies or in buffer alone. Either
IBMX (1 mM), forskolin (50 pM) or DMSO (0.2%) was added for 10 min
before plating the cells onto tissue culture dishes coated with goat anti-rat
IgG Ab. After incubation for 30 min at 37°C in the presence of IBMX, for-
skolin, or DMSO, the cells were washed twice with cold PBS and solubi-
lized at 4°C for 10 min with 20 mM Tris, pH 7.4, 137 mM NaCl, 1% NP-40,
10% glycerol, 1 mM sodium orthovanadate, 2 mM PMSF, and 5 pg/ml of
aprotinin, pepstatin, and leupeptin. Equivalent amounts of protein from
each extract were incubated for 3 h at 4°C with the antiphosphotyrosine
mAb, 4G10 (Upstate Biotechnology, Lake Placid, NY) and protein A-Seph-
arose (Pharmacia Biotech, Piscataway, NJ). The Sepharose beads were
washed twice with lysis buffer then twice with 10 mM Hepes, pH 7.0, and
0.1 mM EGTA. Beads were then resuspended with kinase buffer plus 100
uM ATP, 25 pM MgCl,, 10 pCi [y-2P]ATP, and 10 ul sonicated brain lip-
ids and incubated for 10 min at room temperature. The reaction was
stopped using 60 ul 2N HCl and 160 pl chloroform/methanol (1:1). Lipids
were Tesolved using potassium oxalate-coated thin layer chromatography
plates.

Results

Expression of the a634 Integrin in MDA-MB-435 Cells
Enhances Their Chemotactic Migration

The possibility that expression of the a6p4 integrin influ-
enced the rate of either haptotactic or chemotactic migra-
tion was assessed. For this purpose, stable transfectants of
MDA-MB-435 cells were used that expressed either the
abp4 integrin (MDA/B4) or a deletion mutant of a6R4
(MDA/B4-ACYT) that retains only four amino acids of
the B4 cytoplasmic domain, immediately proximal to the

Figure 1. Expression of the a6B4 integrin in
MDA-MB-435 carcinoma cells stimulates
chemotaxis but not haptotaxis. The migration of
the MDA/B4 (B3 and 3A7) MDA/B4-ACYT
(A3C12, A1E10), and MDA/mock (6D2 and
6D7) transfectants toward laminin-1 (haptotaxis;
A), 3T3 conditioned medium (chemotaxis; B), or
LPA (chemotaxis; C and D) was assessed using a
modified Boyden chamber. The lower surfaces of
Transwell membranes were coated with either
laminin-1 (A), conditioned medium (B), or col-
lagen I (C and D), and then either BSA (A) 3T3
conditioned medium (B) or LPA (C and D) was
added to the lower chambers. Cells (10° [A and
B] or 5 X 10* [C and D]) were placed in the up-
per chambers. After 4 h at 37°C, cells that did not
migrate were removed from the upper chamber
with a cotton swab and cells on the opposite side
of the membrane were fixed, stained, and quanti-
fied manually as described in the Materials and
Methods. (A) Haptotaxis toward laminin-1; (B)
chemotaxis toward NIH-3T3 conditioned me-
dium; (C) dose response of MDA-MB-435 sub-
clones 5B3 (B4 transfected; solid circles) and 6D7
(mock transfected; open squares) chemotaxis to-
ward LPA; (D) Chemotaxis toward 100 nM
LPA. Data are reported as fold increases over
haptotactic migration on collagen I in the ab-
sence of LPA. Data (all panels) are shown as
mean * standard deviation from triplicate deter-
minations.

1751



transmembrane domain (40). As shown in Fig. 1 A, sub-
clones of the MDA/B4 transfectants (583 and 347) exhib-
ited a rate of haptotactic migration toward laminin-1 that
was slightly lower than the rate observed for subclones of
the mock transfectants (607 and 6D2). In marked con-
trast, expression of «6pB4 induced a substantial increase in
the rate of chemotaxis of these cells towards conditioned
medium from NTH-3T3 cells (Fig. 1 B). The rate of chemo-
taxis of the MDA/B4 transfectants (5B3 and 347) was 15—
20-fold greater than that of the mock transfectants (6D7
and 6D2) over a 4-h time period. These data indicate that
expression of a6B4 potentiates chemotactic migration of
MDA-MB-435 cells without substantially altering their
rate of haptotaxis.

To identify specific factors that could cooperate with
abp4 to promote chemotaxis of MDA-MB-435 cells, we
tested several growth factors known to have chemotactic
potential incltuding epidermal growth factor, basic fibro-
blast growth factor, hepatocyte growth factor/scatter fac-
tor, insulin-like growth factor type I, transforming growth
factor a and B, platelet-derived growth factor (AA and
BB), somatostatin, thrombin, and LPA. Of these factors,
only LPA was able to mimic the chemotactic effects of
NIH-3T3 cell conditioned medium on the MDA-MB-435
transfectants (Fig. 1 C and data not shown). LPA stimu-
lated the chemotaxis of MDA-MB-435 cells in a dose de-
pendent manner with maximal stimulation observed at
100 nM. Of note, LPA stimulation of chemotaxis was five-
to sevenfold greater in the MDA/B4 transfectants than in
the mock transfectants. Subclones of the MDA/B4-ACYT
transfectants (A3C12 and A1E10) exhibited a rate of che-
motaxis that was similar to the mock transfectants (Fig. 1
D), indicating that the B4 cytoplasmic domain is critical for
mediating the increased chemotaxis seen in the MDA/B4
transfectants.

The increased chemotaxis observed for the MDA/R4
transfectants in response to LPA was evident on both col-
lagen I (Fig. 1, C and D) and laminin-1 (data not shown),
indicating that a6p4-enhanced migration is independent
of the matrix protein used for traction. This possibility was
examined further by preincubating the MDA/B4 transfec-
tants with function-blocking mAbs before their use in the
chemotaxis assays. As shown in Fig. 2 A4, inhibition of a6
integrin function with the mAb 2B7 did not block the
chemotaxis of the MDA/B4 transfectants on collagen I to-
wards LPA. However, this mAb inhibited the haptotaxis
of MDA-MB-435 cells toward a laminin-1 gradient (Fig. 2
B), a process that is dependent on the «6B1 integrin (38).
Chemotaxis toward LPA was inhibited completely, how-
ever, by preincubating the cells with the 81 integrin-spe-
cific mAb 13 (Fig. 2 A). Collectively, these data indicate
that the stimulation of chemotaxis by expression of a6p4
can be independent of the adhesive functions of a6p4, and
that the adhesive interactions required for a6p4-enhanced
chemotaxis on collagen I are mediated through B1 inte-
grins.

Expression of the a634 Integrin Is Required for the
Formation of Lamellae in Response to LPA

Chemotactic migration frequently involves the formation
of broad sheets of polymerized actin at the leading edge of
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Figure 2. Inhibition of a6B4-stimulated migration by integrin-
specific antibodies. MDA/B4 (5B3: A, gray bars) or mock trans-
fectants (6D7; B, stippled bars) were incubated with the indicated
function blocking mAbs for 30 min before their use in a chemo-
taxis assay using 100 nM LPA on collagen 1 (A) or a haptotaxis
assay on laminin-1-coated wells (B) as described in Fig. 1. Non-
specific mouse IgG was used as a ncgative control. Data are re-
ported as the percentage of migration obscrved for the IgG con-
trol = standard deviation from triplicate determinations.

the cell termed lamellac (27). To determine if expression
of the a6B4 integrin influenced the formation of such mo-
tile structures, we analyzed the morphology of thc MDA-
MB-435 transfectants plated on collagen I (Fig. 3). Promi-
nent lamellae were not evident in the mock transfectants
and treatment with 100 nM LPA did not stimulate a signif-
icant increase in lamellar arca (Fig. 3, C and D). The
MDA/B4 transfectants exhibited a similar morphology to
that of the mock transfectants when plated on collagen 1
(Fig. 3, compare A with C) or laminin-1 (data not shown).
Within minutes after LPA treatment, however, thc MDA/
B4 transfectants formed large, ruffling lamellae (Fig. 3 C).
Quantification of these cells by digital image analysis indi-
cated that LPA stimulated a dramatic incrcase in the
lamellar area of the two subclones of thc MDA/B4 trans-
fectants (Fig. 3 D). In contrast, no increase in the lamellar
area of the mock transfectants in response to LPA was de-
tected by this analysis (Fig. 3 D).

Pharmacological Evidence for the Involvement of cAMP
in Chemotaxis

LLPA is a bioactive phospholipid that can mediate its ef-
fects on cells through a receptor linked to heterotrimeric
G proteins, including inhibitory type G (Gi) proteins (29).
To assess the possible involvement of a Gi protein in
abp4-enhanced chemotaxis, we used pertussis toxin, which
inactivates heterotrimeric Gi-proteins by ADP ribosyla-
tion (31). The LPA-stimulated chcmotaxis of both the
MDA/B4 and mock transfectants was inhibited by pertus-
sis toxin with maximal inhibition observed at 100 ng/ml
(data not shown). These data suggested that the a6p4 inte-
grin enhances chemotaxis that is mediated through pertus-
sis toxin-sensitive, Gi-linked receptors. Gi proteins are
known to inhibit certain classcs of adenyl cyclases and thus
limit cAMP production (45). For this reason, we analyzed
the impact of stimulating cAMP production on chemotaxis
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lamellar area (jLm?)

using forskolin. Although forskolin inhibited LPA-stimu-
lated chemotaxis, the MDA/B4 and mock transfectants
differed significantly in their response to this activator of
adenyl cyclases. LPA-stimulated chemotaxis of the mock
transfectants was inhibited to basal levels by 50 pM for-
skolin (Fig. 4 A). At this concentration of forskolin, the in-
hibition of chemotaxis of the MDA/B4 transfectants was
only 50% and higher concentrations of forskolin (100 u.M)
did not abrogate chemotaxis of these cells (Fig. 4 A). In-
terestingly, treatment of the MDA/B4 or mock transfec-
tants with forskolin did not inhibit haptotactic migration
on laminin-1 (Fig. 4 B). These data indicate that a cAMP-
sensitive pathway plays a key role in LPA-stimulated
chemotaxis of MDA-MB-435 cells and they suggest that
the a6p4 integrin may regulate this pathway.

Expression of the 634 Integrin in MDA-MB-435 Cells
Influences cAMP Metabolism

To determine if a6p4 expression influences the [cAMP];,
the [CAMP]; was determined in extracts obtained from
subconfluent cultures of MDA/mock, B4, and B4-ACYT
transfectants using a ¢cAMP enzyme-linked immunoab-
sorption assay. As shown in Fig. 5 A, the MDA/B4 trans-
fectants had a 30% lower [cAMP]; (2.7 pmol cAMP per
108 cells) than either the mock (3.7 pmol cAMP per 10°
cells) or B4-ACYT transfectants (3.8 pmol cAMP per 10°
cells). This difference was statistically significant (P <
0.001). Of note, neither clustering of a6B4 using the 2B7
mADb and an appropriate secondary Ab nor LPA treat-
ment reduced cAMP levels further (data not shown).

The observation that the MDA/B4 transfectants were
more resistant to forskolin inhibition of chemotaxis than
the mock transfectants (Fig. 4) suggested that these two
populations of cells differ in their ability to metabolize the
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Figure 3. The a6p4 integrin
is required for the LPA-
dependent formation of
lamellae in MDA-MB-435
cells. MDA/B4 (A and B) and
mock transfectants (C) were
plated onto coverslips that
had been coated with 20 pg/
ml collagen I. Cells were al-
lowed to adhere for 2 h at
37°C and then treated with
LPA for 5 min. (B and C) or
left untreated (A). The cells
were visualized using Nomar-
ski DIC optics. Note the large
lamellae that are formed in
response to LPA stimulation
of the MDA/B4 transfectants.
(D) The effect of LPA on
lamellar area was quantified
using IPLab Spectrum imag-
ing software. Data are shown
as mean lamellar area * stan-
dard error in which n > 20.

MDA-MB-435 clone Bar, 10 pm.

cAMP generated in response to forskolin stimulation. This
possibility was examined by determining the [cAMP]; in
forskolin-treated cells. As shown in Fig. 5 B, the MDA/pB4
transfectants exhibited a 30% lower [cAMP]; than the mock
transfectants when plated on collagen 1. With forskolin
stimulation, a 2.5-fold greater accumulation of cAMP was
observed in the mock transfectants (6.6 pmol per 10° cells)
compared with the P4 transfectants (2.6 pmol per 10°
cells). When the forskolin-treated cells were also treated
with the PDE inhibitor, IBMX, to prevent breakdown of
cAMP, the MDA/B4 transfectants exhibited a [cAMP];
comparable to the mock transfectants (120 x 11 versus
104 = 18 pmol per 106 cells, respectively; Fig. 5 C). To-
gether, these data suggest that expression of a6B4 integrin
suppresses the [cAMP); by increasing PDE activity.

To establish more directly that expression of the a6p4
integrin can regulate cAMP-dependent PDE activity, the
activity of this enzyme was assayed in cell extracts ob-
tained from the MDA/mock and B4 transfectants. As
shown in Fig. 6 A, the MDA/B4 transfectants exhibited a
significantly higher rate of PDE activity than the mock
transfected cells. Moreover, the PDE activity of the MDA/
B4 transfectants was markedly increased (51% for 5B3
and 45% for 3A7) in response to forskolin stimulation
compared with the mock transfectants (29% for 6D7; Fig.
6 A). The difference in PDE activity between the MDA/B4
and mock transfectants was eliminated by rolipram, a type
IV PDE-specific (PDE 4) inhibitor (Fig. 6 B). These data
indicate that a cAMP-dependent PDE 4 activity is influ-
enced by a6p4 expression in MDA-MB-435 cells. Also,
this activity is likely responsible for the observed decrease
in [cAMP]; and the resistance to forskolin-mediated inhi-
bition of LPA chemotaxis observed in the MDA/B4 trans-
fectants.

To examine the possibility that the MDA/B4 and mock
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Figure 4. Forskolin stimulation of adenyl cyclase inhibits LPA-
mediated chemotaxis differentially in the MDA/B4 and mock
transfectants. (A) MDA/B4 transfectants (5B3; solid circles) or
mock transfectants (6D7; open squares) were treated with the in-
dicated concentration of forskolin for 30 min before their addi-
tion to the upper wells of the Transwell chambers. Cells were as-
sayed for LPA-mediated chemotaxis on collagen I as described in
Fig. 1. The dashed linc depicts the basal level of migration of both
subclones in the absence of LPA. (B) In a separate experiment,
the same cells were treated with forskolin for 30 min before as-
saying for LPA chemotaxis (solid symbols) or laminin haptotaxis
(open symbols). Data are reported as the percent migration of
cells not treated with forskolin + standard deviation of triplicate
determinations.

transfectants differed in their level of PDE expression, we
assessed PDE 4 expression in these cells using antibodies
specific for the various PDE 4 variants (15). The predomi-
nant PDE 4 variant expressed in MDA-MB-435 cells is
PDE 4B based on results obtained with antibodies specific
for PDE 4A, 4B and 4D (data not shown). Importantly,
the expression of PDE 4B did not differ significantly be-
tween the MDA/B4 and mock transfectants (Fig. 6 C).
These data indicate that the increased PDE activity ob-
served in the MDA/B4 transfectants is not the result of in-
creased PDE expression.
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Figure 5. Intraccllular cAMP content of the MDA-MB-435
transfectants. The MDA/B4 (347, 5B3), MDA/B4-ACYT
(4A3CI2, AIEI0)y and MDA/mock transfectants (6D2, 6D7) werc
plated in DME containing 10% FCS. After 18 h, cells were har-
vested and cAMP content was measured using a cAMP EIA pro-
tocol as described in Materials and Methods. Data shown repre-
sent the mean of 10 sample determinations * standard error. The
difference in the [cAMP]; between the MDA/B4 and the mock
transfectants is significant (P < 0.001; asterisk), but the diffcrence
between the mock and the B4-ACYT transfcctants is not signifi-
cant (P = 0.2). (B and C) Diffcrential effects of forskolin stimula-
tion on the [cAMP]; in the MDA/B4 and mock transfcctants. The
[cAMP]; was assayed in the 5B3 (solid bars) and 6D7 (stippled
bars) clones plated on collagen I and treated for 15 min with ei-
ther 50 uM forskolin (B) or forskolin and 1 mM IBMX (C). Note
that the MDA/B4 transfectants (5B3) arc more resistant to a for-
skolin-stimulated increase in [cAMP]; than the mock transfec-
tants (6D7). The inhibition of PDE activity with IBMX shown in
C reveals that a6p4 expression results in an increase in PDE ac-
tivity and not a decrease in cAMP synthesis. Data shown arc the
mean values * standard error obtained from multiple experi-
ments.

PDE Activity Is Necessary for Chemotaxis, Invasion,
and Lamellae Formation

The importance of PDE for chemotactic migration was ex-
amined by treating the MDA/mock and (34 transfectants
with IBMX before their usc in the chemotaxis assay. As
shown in Fig. 7 A, IBMX inhibited LPA-stimulated chemo-
taxis with maximal inhibition observed at 1 mM. Similar
results were obtained with the cAMP-specific PDE inhibi-
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Figure 6. Assay of cAMP-specific PDE activity. (4) MDA/B4
(3A7 and 5B3) or mock transfectants (6D7) plated on collagen 1
were treated with 50 pM forskolin or 100 nM LPA as noted. Cells
were harvested and the cytosolic fraction was assayed for PDE
activity as described in Materials and Methods. The PDE activity
of the MD A/B4 transfectants was compared with the MDA/mock
transfectants for statistical significance: *, P < 0.002; t P < 0.01.
(B) Extracts from cells treated as in A were incubated with
100 pM rolipram before assaying for PDE activity to determine
how much of the activity in A constitutes cAMP-specific PDE
(PDE 4). Data shown are mean = standard error of four separate
determinations (A and B). ns, not significant; &, P = 0.02. (C)
Relative expression of PDE 4B in the MDA-MB-435 transfec-
tants. Extracts (40 pg protein) obtained from the MDA/B4 (3A7
and 5B3) and mock (6D2 and 6D7) transfectants, as well as puri-
fied PDE 4 proteins (short form of variants A, B, and D; 10 ng
each; provided by M. Conti) were resolved by SDS-PAGE and
immunoblotted with a PDE 4B-specific Ab. Arrows, long and
short forms of PDE 4B.

tor, rolipram (data not shown). We also examined the in-
volvement of PDE in carcinoma-invasion by treating cells
with IBMX before their use in a standard Matrigel inva-
sion assay. A substantial inhibition of invasion was ob-
served in the presence of IBMX in comparison to the sol-
vent control (Fig. 7 B).

The necessity of cAMP-specific PDE activity in the for-
mation of lamellae was also assessed. IBMX had no effect
on the morphology of the MDA/B4 transfectants in the ab-
sence of LPA (Fig. 8, compare A with B). However,
IBMX-treated cells were unable to form the large, ruffling
lamellae in response to LPA stimulation in comparison to
untreated cells (Fig. 8, compare C with D). Quantitative
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Figure 7. ¢cAMP specific-PDE activity is required for the chemo-
tactic migration and invasion of MDA-MB-435 cells. The MDA/
B4 (5B3; squares) or mock transfectants (6D7; circles) were
treated with varying concentrations (4) or 1 mM (B) IBMX for
30 min before their use in either an LPA chemotaxis assay (A) or
a Matrigel chemoinvasion assay (B). Data shown represent mean
values * standard deviation of triplicate determinations.

analysis of these cell populations revealed that inhibition
of PDE activity resulted in an approximate fourfold reduc-
tion in the lamellar area of LPA-stimulated MDA/B4
transfectants (Fig. 8 E).

Recently, we reported that «a6p4 is necessary for the for-
mation and stabilization of lamellae in clone A colon car-
cinoma cells plated on laminin-1 (32). If PDE activity is
needed for lamellae formation as indicated by the above
results, IBMX should inhibit the formation of lamellae in
clone A cells. To test this possibility, clone A cells were
treated with IBMX or a solvent control and then plated
onto laminin-1 for 45 min. The control cells formed large
fan-shaped lamellae enriched in F-actin when plated on
laminin-1 (Fig. 9, A and B) as we reported previously (32).
In contrast, IBMX-treated cells formed small, immature
lamellae with a marked reduction in F-actin content (Fig.
9, C and D). Quantitative analysis of these images re-
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C) or treated with ImM IBMX (B and D) for 30 min. Subse-
quently, the cells were either left untreated (A and B) or treated
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vealed that IBMX reduced the total lamellar area of clone
A cells on laminin-1 by ~75% (629 + 74 um? for control
versus 164 = 24pm? with IBMX). Interestingly, inhibition
of PDE activity had no effect on the attachment or spread-
ing of clone A cells on laminin-1 (Fig. 9).

cAMP Metabolism and PI3-K Signaling Are Not
Directly Linked in MDA-MB-435 Cells

A possible relationship between cAMP metabolism and
PI3-K signaling is of interest given our recent finding that
abB4 stimulates the preferential activation of PI3-K and
that this activity is required for invasion and the formation
of lamellae (40). To determine if PI3-K activity is required
for the cAMP-specific PDE activity we observed in the
MDA/B4 transfectants, these cells were incubated in the
presence of wortmannin, a specific inhibitor of PI13-K, be-
fore extraction and assay of PDE activity. As shown in Fig.
10 A, wortmannin had no effect on PDE activity in these
cells and it did not inhibit the marked induction of PDE
activity that we had observed in response to forskolin
stimulation. The possibility also existed that cAMP influ-
ences the a6B4-mediated activation of PI3-K. To address
this issue, we used the a6-specific mAb GOH3 to cluster a6
integrins on the MDA/B4 transfectants in the presence of
the PDE inhibitor IBMX and forskolin. As shown in Fig.
10 B, mAb-mediated clustering of a684 in MDA/B4 trans-
fectants activated PI3-K markedly compared with cells
maintained in suspension, in agreement with our previous
results (40). However, treatment of MDA/B4 transfectants
with either IBMX or forskolin did not inhibit a684-medi-
ated activation of PI3-K (Fig. 10 B). In fact, no inhibition
of PI3-K was observed when both of these inhibitors were
used in combination, a treatment that increases the [cAMP)];
from 4 to 120 pmoles per 10° cells (Fig. 5).

Discussion

Recently, we established that the a6p4 integrin promotes
carcinoma invasion (3, 32, 40). In the current study, we ex-
tend this observation by demonstrating that a major func-
tion of a6B4 is to stimulate the chemotactic migration of
carcinoma cells, a function that is essential for invasion.
This function is consistent with our previous finding that
a6B4 is involved in the formation and stabilization of
lamellae and filopodia (32). Importantly, the data pre-
sented here also provide evidence that «6f4 stimulates
chemotaxis and lamellae formation by regulating the
[cAMP]; by a mechanism that involves activation of a ro-
lipram-sensitive, cAMP-specific PDE. Our finding that el-
evated [cAMP]; inhibits the formation of lamellae, chemo-
tactic migration, and invasion is in agreement with recent
studies indicating that cAMP can function to inhibit or
“gate” specific signaling pathways (14, 16, 23). Further-

with 100 nM LPA for 5 min (C and D). The cells were then fixed
and visualized using Nomarski DIC optics. (E) The effect of LPA
and IBMX on lamellar area was quantificd using IPLab Spectrum
imaging software. Bars represent mean lamellar area * standard
error in which n > 20. Of note, IBMX inhibited the LPA-depen-
dent formation of lamellae by 70%.
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more, we show that the cAMP-mediated gate does not in-
fluence haptotaxis thus providing additional evidence that
the signaling events governing chemotaxis and haptotaxis
differ (1, 20). Collectively, our results strengthen the hy-
pothesis that «6B4 promotes carcinoma invasion through
its ability to regulate signaling pathways required for mi-
gration. They also indicate that cAMP metabolism is likely
to be an important factor in the regulation of carcinoma
invasion and progression.

Although integrins can regulate a number of signaling
pathways (4), their ability to influence cAMP metabolism
has not been studied extensively. An earlier study, how-
ever, did provide evidence that the simultaneous engage-
ment of B2 integrins and tumor necrosis factor (TNF)
receptors decreases the [CAMP]; in neutrophils (30). Inter-
estingly, the reduction in [cAMP]; observed in response to
B2 integrin and TNF receptor engagement in neutrophils
is similar to the level of [cAMP); suppression that we ob-
served in response to a6p4 expression (~30%). This level
of suppression of the total [cAMP]; is quite impressive
given that localized gradients of [cAMP]; are probably re-
quired to facilitate chemotactic migration, as well as for
other cell functions that are gated by cAMP. For example,
localized gradients of cAMP have been implicated in regu-
lating the direction of growth cone turning (41). It is also
important to note that we observed an inverse correlation
between the [cAMP]; and the rate of chemotaxis (compare
values in Fig. 4 A with Fig. 5 B). This observation rein-
forces the functional significance of a6B4 suppression of
the [cAMP].

A novel aspect of our study is the finding that integrins,
and a6B4 in particular, can regulate the activity of a roli-
pram-sensitive, cAMP-specific PDE. This family of PDEs
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+ IBMX

Figure 9. Lamellae forma-
tion in clone A colon carci-
noma cells requires PDE
activity. Clone A colon carci-
noma cells were either treated
with solvent alone (A and B)
or 1 mM IBMX in solvent (C
and D) and then plated on
laminin-1-coated coverslips.
After 45 min the cells were
fixed and stained for F-actin
using TRITC-phalloidin. (A
and C) Phase-contrast im-
ages; (B and D) fluorescence
images. Bar, 10 pm.

is defined as type IV PDE (PDE 4) and consists of a num-
ber of structural variants (6). Because all of these variants
hydrolyze cAMP with a K, comparable to the [CAMP];, it
is thought that tissue-specific expression and the state of
activity of these variants are the major determinants of
their responsiveness to extracellular stimuli (6). Indeed,
the major focus of work in this area has been hormonal
regulation of PDE activity. Regulation of PDE activity can
occur rapidly in response to hormone stimulation through
a mechanism that involves PKA-dependent phosphoryla-
tion of the enzyme (36, 37). In addition, long-term, hor-
monal stimulation can actually increase de novo synthesis
of the cAMP-specific PDEs (6, 43). The data we obtained
suggest that expression of a6B4 does not increase the ex-
pression of PDE 4B, a predominant PDE variant ex-
pressed by MDA-MB-435 cells. For this reason, regulation
of PDE 4 activity by a6B4 expression may occur through a
mechanism that involves PDE phosphorylation. Another
possibility that has been proposed recently is that the sub-
cellular localization of the cAMP-specific PDEs influences
their function and activation (17). The possibility that
a6B4 increases the association of PDE 4 with either the
plasma membrane or cytoskeleton is certainly attractive
and could account, at least in part, for its ability to influ-
ence cCAMP metabolism. Interestingly, LPA stimulation
by itself had no effect on either PDE activity or the
[cAMP]; in MDA-MB-435 cells. This observation rein-
forces our hypothesis that a major function of a6p4 is to
release cAMP gating of LPA-stimulated chemotaxis.

In previous studies, we established that an important
function of a6p4 in invasive carcinoma cells is its ability to
stimulate the formation of lamellae (32). This function of
a6B4 is highlighted by the observation in the present study
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Figure 10. (A) Evaluation of PI3-K involvement in PDE activity.
The MDA/B4 transfectants were incubated for 30 min in the
presence of either forskolin or wortmannin, or both in combina-
tion, before assay of PDE activity as described in Materials and
Methods. (B) Evaluation of the cAMP regulation of PI3-K activ-
ity. The MDA/B4 and mock transfectants were incubated in sus-
pension with either forskolin or IBMX or both for 10 min. Subse-
quently, these cells were either maintained in suspension or
incubated with a B4 integrin-specific antibody and allowed to ad-
here to anti-mouse IgG-coated plates or laminin-1-coated plates
for 30 min. Aliquots of cell extracts that contained equivalent
amounts of protein were incubated with the anti-phosphotyrosine
mAb 4G10 and protein A-Sepharose for 3 h. After washing. the
beads were resuspended in kinase buffer and incubated for 10
min at room temperature. The phosphorylated lipids were re-
solved by thin layer chromatography. Arrows, position of the D3-
phosphoinositides.

that LPA was able to induce significant lamellae forma-
tion only in MDA-MB-435 cells that expressed a6p4 (Fig.
3). Importantly, our finding that PDE activity is necessary
for lamellae formation promoted by a6f4 expression im-
plies that a localized suppression of the [cAMP]; plays an
important role in controlling the signaling and cytoskeletal
events that are required for lamellae formation. This hy-
pothesis agrees with studies that have shown an inhibitory
effect of cAMP on the organization of the actin cytoskele-
ton (11, 13, 21, 22). Moreover, the formation of lamellae is
a dynamic process that is linked to the mechanism of cell
migration. Therefore, it is likely that temporal fluxes in the
[cAMP]; regulated by a684 contribute to the chemotactic
migration of carcinoma cells.
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Of particular relevance to our work, Butcher and col-
leagues (23) reported that cAMP is a negative regulator of
leukocyte migration signaled through the classical chemo-
attractants. In this model, cAMP impedes or gates RhoA-
mediated leukocyte integrin activation and adhesion.
Our results support their conclusion that cAMP inhibits
chemotactic migration. Importantly, we also provide evi-
dence for an integrin-mediated mechanism of regulating
the [cAMP]; to facilitate migration. Our findings support
the work of the Butcher group because LPA is a potent ac-
tivator of Rho (29) and, in fact, we have observed that the
expression of a dominant-negative Rho can inhibit both
LPA-stimulated chemotactic migration and invasion of
MDA-MB-435 cells (O’Connor, K.L., and A.M. Mercurio,
unpublished observation). Thus, a possibility worth inves-
tigating is that LPA-mediated activation of Rho is gated
by cAMP and that «6p4 releases cAMP gating by incrcas-
ing cAMP-specific PDE activity and thereby enhances
Rho activation. A likely target of Rho activation is the ac-
tin cytoskeleton (44), which is consistent with the reported
effects of cAMP on the cytoskeleton (11, 13, 21, 22), as
well as our demonstration that cAMP inhibits lamellae
formation. Although Rho has been linked to stress fiber
formation and not lamellae formation in fibroblasts (25),
much less is known about Rho function in epithelial-
derived cells. In fact, our preliminary data suggest that
LPA-induction of lamellac formation in the MDA/B4 trans-
fectants is inhibited by expression of a dominant-negative
Rho. Other integrins, especially the B1 integrins that me-
diate the adhesive interactions required for chemotactic
migration, are another potential target of Rho (25, 34). It
is worth noting in this context that expression of a6p4 has
been shown to alter the function of collagen I-binding in-
tegrins in breast carcinoma cells (42).

The ability of a6p4 to promote lamellae formation and
carcinoma invasion is dependent upon its prefercntial acti-
vation of a PI3-K and Rac signaling pathway (40). Our
current finding that the release of cAMP gating by o634 is
also required for these events raised the issuc of a possible
link between cAMP and the PI3-K/Rac pathway. Such a
link was suggested, for example, by the finding that the in-
terleukin-2 dependent activation of PI13-K is inhibited by
cAMP (28). In our experiments, however, pharmacologi-
cal stimulation of cAMP levels had no effect on the ability
of a6B4 to activate PI3-K even under conditions in which
the [cAMP]; increased 30-fold over basal levels. Our data
also indicate that PI3-K probably docs not function up-
stream of cAMP-specific PDE because wortmannin did
not inhibit the activity of this enzyme. We conclude from
these findings that PI3-K and cAMP-specific phosphodi-
esterase function in tandem to promote lamellac forma-
tion and chemotactic migration but they are components
of distinct signaling pathways.

An interesting finding in the present study is that the
ability of «a6f4 to stimulate chemotactic migration and
suppress the [cAMP]; can be independent of the adhesive
function of this integrin. Although the laminins are the
only known matrix ligands for a6p4 (26), expression of
this integrin also stimulated chemotactic migration on a
collagen I matrix and this migration was not inhibited by
an a6-function blocking mAb. The possibility that the ef-
fects of w634 expression on migration result from a de-
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lzrease of a6B1 expression is discounted by the fact that ex-

“pression of the a6B4 ACYT integrin had no effect on
either chemotaxis, cCAMP levels or PDE activity even
though expression of this mutant integrin eliminates a6p1
expression in these cells (38). The observation that the
ability of a6B4 to promote chemotactic migration can be
independent of its adhesive function is in agreement with
several recent studies by our group and others that have
revealed ‘ligand-independent’ functions for the a6 inte-
grins in carcinoma cells (3, 5, 8). Insight into the possible
mechanism of this phenomenon was provided by a recent
study that demonstrated self-association of the 4 cyto-
plasmic domains, a process that could initiate intracetlular
signaling events independently of ligand binding (33). One
important implication of these findings is that the ability of
abp4 to influence cAMP metabolism and stimulate the
chemotactic migration of carcinoma cells need not be lim-
ited to sites of contact with laminin-containing matrices.
This possibility is supported by the numerous studies that
have implicated a6B4 as a major determinant of carci-
noma invasion and progression (10, 35, 47).

In summary, we have demonstrated that the a6$4 in-
tegrin can stimulate lamellae formation and chemotactic
migration of invasive carcinoma cells by increasing the ac-
tivity of a rolipram-sensitive cAMP specific-PDE and low-
ering the [cAMP];. This cAMP specific-PDE functions in
tandem with a PI3-K/Rac pathway, that is also regulated
by a6p4, and is required for carcinoma invasion and lamel-
lae formation. The essence of our findings is that the a6p4
integrin stimulates the chemotactic migration of carci-
noma cells through its ability to influence key signaling
events that underlie this critical component of carcinoma
invasion.
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